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Abstract: This work uses numerical simulations of a thulium-doped optical fiber amplifier to
predict various performance characteristics such as peak temperatures, expected output powers
and efficiencies, presence of amplified spontaneous emission (ASE), and transverse mode
instability (TMI) onset power thresholds. Single- and two-tone configurations are studied. In the
latter case, the two laser sources are separated in frequency by the amount that corresponds to
the peak Raman gain, and a few seed ratios at various total seed powers are examined. The goal
is to provide the field with pertinent information on what is feasible for this type of amplifier.

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

1. Introduction

Typical high-power beam combinable active gain fiber amplifiers are seeded with only one laser
source, usually referred to as the signal light. This configuration will be denoted as a single-tone
amplifier. However, when more than one highly coherent laser source is seeded into the amplifier,
a laser gain competition (LGC) between the various laser wavelengths ensues within the active
dopant, and this may be advantageous for power scaling purposes [1]. Dajani et al. [2,3] were
able to utilize the LGC configuration, building upon an idea by WefBlels et al. [4], in order to
demonstrate the suppression of the stimulated Brillouin scattering (SBS) nonlinearity in optical
fibers. In their studies, an Yb-doped amplifier was seeded with two lasers, and then by carefully
selecting the ratio of seed powers (a.k.a. the seed ratio) and by separating the wavelengths of the
two lasers by at least A1 ~ >10 nm, a substantial SBS mitigation was achieved. They called this
a two-tone amplifier configuration. The additional laser source for the two-tone configuration
usually has a core-pumped laser source that is in-between the wavelength of the pump light and
the signal light; hereafter, this wavelength shall be referred to as the tone; thus, 4,<A<A;.

Generally, optical nonlinearities, i.e. SBS, stimulated Raman scattering (SRS), Kerr effects,
four-wave mixing (FWM), etc., arise in high-power fibers because of long interaction lengths,
allowing for the nonlinear processes to build-up, and/or because of high irradiance levels of the
propagating light, allowing for a more pronounced interaction with the medium and/or with the
optical field itself. The two-tone configuration helps suppress the onset of optical nonlinearities
by reducing the effective length over which any laser field has a high power (thus, high irradiance).
In many cases, a two-tone amplifier can be tuned to produce about the same output signal
power, with a similar amplifier efficiency, as a comparable single-tone amplifier. The two-tone
configuration has at least two other benefits as well, including the fact that heat generation is
further spread out along the fiber length, leading to the lower peak temperatures [5], and this
configuration has been shown to mitigate the onset of amplified spontaneous emission (ASE),
and therefore also parasitic lasing [6].

The difficulty of lasing and/or amplifying a laser signal in the 2.1-2.2 ym regime is due to the
fact that the gain spectrum of the thulium (Tm) dopant rapidly diminishes beyond 2.1 um, as can
be ascertained from Fig. 1. Part of this challenge is that it will be difficult to create a strong seed
power for the signal, and combined with the low gain in this wavelength range, one expects to
observe significant amounts of amplified spontaneous emission (ASE), and possibly parasitic
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lasing [6]. However, above 2100 nm in wavelength there are some propitious atmospheric
transmission windows, where one can expect to get up to about 95% transmission, as seen in
Fig. 2 [7-9].
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Fig. 1. Absorption and emission cross-section spectra of the thulium dopant [10].

Tm-doped amplifiers can have higher dopant concentrations than ytterbium-doped amplifiers,
and thus they are more susceptible to cross-relaxations and upconversions (see Fig. 3) [11]. The
strong cross-relaxation in the thulium kinetics model can almost double the optical-to-optical
(O-0) efficiency of the amplifier. Nonetheless heat generation in the fiber is still a significant
issue that can either degrade(~ >85°C), or even destroy (~ >125°C), the polymer coating.
The trade-off to be considered is that the heat deposition per unit length will decrease as
the dopant concentration is lowered; however, the cross-relaxation process also diminishes in
direct proportion to the dopant concentration. Without a pronounced cross-relaxation, the fiber
efficiency (7) will tend towards what would be expected from the quantum defect: 7 ~ 1 — 4,/ 4s,
which would vastly increase the amount of energy being deposited as heat per unit length. This
study will use the steady-state thulium energy level kinetics model presented in McComb’s
dissertation [12], and will only consider the typical co-/cladding-pumped configuration, where
the wavelength of the pump light is near the peak absorption around 790-793 nm. In the
absorption/emission dataset that we have [10], this peak occurs at 790 nm.
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Fig. 2. Atmospheric transmittance in the wavelength range 2.1-2.2 um.

The main goal of this paper is to present relevant information, extracted from computer
simulation results, on the practicality and feasibility of a Tm-doped fiber amplifier operating
in the 2100-2200 nm wavelength regime. Our detailed numerical simulations will investigate
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Fig. 3. Simplified thulium electron energy level diagram.

different dopant concentrations, single- and two-tone amplifier configurations, various seed ratios
and total seed powers in a straight fiber, or one that is circularly bent (Rpeng = 80 mm), all at
three specific signal wavelengths: 2110 nm, 2133 nm, and 2170 nm. For the two-tone configured
fibers, the tone wavelength is chosen to be exactly 13.2 THz higher in frequency than the signal
wavelength in order to take advantage of the peak Raman gain in a fused silica medium (see
Fig. 4). This makes for a hybrid gain amplifier, including the active Tm dopant [13] and gain from
the SRS optical nonlinearity [14], with the hope of, at least slightly, improving the suppression of
the ASE and reducing the amplifier length that achieves 95% pump absorption. Note that for the
two-tone configured amplifier, in order to better spread the heat deposition more evenly along
the fiber, one would ideally want the tone wavelength to be close to the average of the pump
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Fig. 4. Experimentally measured normalized bulk Raman gain coefficient as the offset
frequency between the Raman pump and Stokes waves varies [12].
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and signal wavelengths: A; ~ (1, + As)/2. Since this is not the case for our Tm-doped amplifier,
there likely will not be significant difference between the single- and two-tone longitudinal heat
profiles. We will present expected peak temperatures within the fiber, signal output powers, and
signal amplification efficiencies, all while allowing ASE to arise naturally in the amplifier based
on the given conditions. Moreover, we will show the effect of wavelength on the mode-bend-loss
values in the presence of three distinct steady-state thermal profiles. At the 2110 nm signal
wavelength, various transverse mode instability (TMI) power thresholds are predicted in a straight
fiber (compare with numerical TMI study in Tm-doped amplifier by Smith and Smith [15]).
The paper is organized as follows. In section 2, we describe the computational model for this
problem, including how both light propagation and thermal issues are handled in the simulation.
Section 3 presents the modeling results, starting with the wavelength and temperature dependence
of the guided core mode-bend-losses near 2 um (subsection 3.1) and a brief comparison between
single- and two-tone amplifier output signal powers (subsection 3.2). Then, subsection 3.3
provides results regarding the effects of varying the total dopant concentration. The onset of ASE
in the amplifier is studied in subsection 3.4 as seeding conditions are altered. Finally, we explore
the onset power thresholds of the TMI for an amplifier with a signal wavelength of 2.11 ym,
delineated in subsection 3.5. Each of these result subsections quantify aspects of complicated
trade-space that pertains to Tm-doped amplifiers operating in the 2.1-2.2 um wavelength range.

2. Model description

This model considers a continuous-wave, weakly guided, step-index Tm-doped optical fiber
amplifier with core radius rcore = 10 um, surrounded by a pure fused silica inner cladding that
extends to radius rc,g = 200 um, and a polymer jacket of thickness 75 ym (rgper = 275 um).
The refractive index of the core and the inner cladding regions are denoted as rgqre and rncjad,
respectively. The core numerical aperture (NAcore = (Meore” = Nclad>)'/?) is 0.09. Generally, our
model follows the same coupled mode theory approach as described in Naderi et al. [16], though
we use a slightly different notation. Other notable differences include the fact that we modify
the governing equations for the inclusion of the ASE wavelengths, the intrinsic loss of the glass,
the loss due to OH™! (hydroxide) contamination, and the mode-bend-loss (when the fiber is
coiled). Moreover, the transverse domain is discretized using higher (polynomial) order finite
elements, such that the elements conform to the fiber boundaries. All integrations over the
transverse domain are computed using at least third-order Lagrangian element spaces ensuring
higher precision calculations [17].

Only the transverse guided core modes are included in the model for the tone, signal, and
ASE wavelengths, and the pump light is modeled as a planewave [13,18]. The mode profiles and
pump planewave extend throughout the core and inner cladding regions, but are considered to be
negligibly small in the polymer coating region. The total number of fiber core modes is given
by M,, where ¢ indexes the given wavelength. Each mode is comprised of an amplitude Y¢, a
transverse profile ¢’, and a corresponding propagation constant 7. We compute the mode data
by solving the eigenvalue problem,

2
(A + B2ty = (BL) 0t m=1, M. ()

Under the fiber coiling situations, the corresponding mode-loss values are calculated using the
technique outlined by Schermer & Cole [19]. Our propagation model is currently not capable of
handling coiled fiber mode profiles, so instead we use the straight fiber mode profiles. Though we
do use the proper propagation constants and mode-bend-losses. Even still, after some numerical
testing we found that in all cases pertinent to our investigations, comparing the coiled (Rpeng = 80
mm) and straight fibers and including multiple wavelengths and thermal load conditions, the
mode overlaps with the core (gain) region of the fibers only varies by 5.3% at most. This would



Research Article Vol. 29, No. 8/12 April 2021/ Optics Express 12603 |

Optics EXPRESS i NS

not hold true under tighter bends. Likely, the low variation in mode overlaps is due to the fact
that Tm-doped fiber amplifiers have larger core numerical apertures (especially compared to
Yb-doped amplifiers), which limit the mode deformation significantly. One consequence of this
is that the gain saturation is maximized, which means that, in most situations, our results show
best-case performance metrics.

This simulation only accounts for the forward propagating ASE, and only considers the
fundamental mode at each ASE wavelength. Though it is certainly possible to include backward
propagating light in the model, and backward ASE affects the onset of the TMI [20,21], this effort
is only attempting to indicate when ASE will be an issue, not to accurately model its quantity
nor its precise effects on amplifier performance. Moreover, including any backward propagating
light would significantly increase the simulation runtime. We feel that this approach offers a fair
indication of when ASE will become prominent in the amplifier, while keeping the simulations
computationally tractable.

2.1. Governing equations

The model focuses on the situation where all of the light propagates only in the forward direction
(+z) along the longitudinal length of the fiber. The effective index of refraction of the /™ mode
at the given wavelength (¢) is represented by nf = ,Bf /k¢, where the vacuum wavenumber is
k; = we/c. The steady-state active gain via stimulated emission is denoted as g; [m™'], the
steady-state active gain via spontaneous emission is represented with g, [m~!], and the bulk
Raman gain coefficient is given by gr [m/W]. Although Raman gain occurs between the ASE
wavelengths, and between the laser sources and ASE wavelengths, these interactions are neglected
since the model is not attempting to accurately capture the conditions once there are significant
amounts of ASE power present in the fiber. The dimensionless quantity for the Raman gain is
’I’ﬁ:‘ = —wy/w;s for the tone, and ‘I’ffs = 1 for the signal. We use the complement wavelength
index such that £ = t when £ = s, and £ = s when £ = t. The quantity on = (dn/dT)5T
represents the perturbation in the index of refraction of the fiber due to the heat generated inside
the fiber. The value ajyss>0 is the sum of the background silica-, hydroxide contamination-, and
mode-bend-losses [m~']. The losses at the pump wavelength are considered to be insignificant.
The fiber transverse cross-section that includes the core and inner cladding regions is represented

by Q,, = {(x, vl +y* <rd sz =20 €0, L]}. The wavelength bandwidth over which the

spontaneous emission occurs, namely the bin bandwidth for the five central ASE wavelengths, is
denoted as Adasg. Finally, I, denotes the irradiance of the light with a wavelength indexed by £.

For the tone and signal wavelengths (£ € {t,s}), where there are M,c(.s; = 3 guided core
modes (LPy; and both orientations of LP;), and [ = 1,..., M,, the propagation is governed by

dy’ al Me
l loss y,£ Bzl it
e - _ ;“ Y+ Z &' BBy )ZKlem
m=1

@)
k keYegrlpe  ik2 —
where, Kl‘:n = / (2_,(;& + [;75{?[ + Z—ﬁién)ngofngof dxdy .
Q: 4Py ! ]
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For the ASE wavelengths (¢ = a), only the fundamental mode is modeled (M, = l and [ = 1 = m):

dYa a?
e = Ky, Y] - ;’SSY?"' nYrs
. ik
where, K%, = ( Tt zﬂaén)mpltpl dxdy, 3
Zuohc
C =/ 2ﬁaga”‘»01‘»01 dxdy, and Y} = nl/la O Adask.

For the (planewave) pump wavelength (£ = p), only the irradiance is modeled:

dly Tcore )2 1

D _ S dxdy|1y. 4

dZ [(rclad |ngre| chore gp y P ( )
where Qg(?re - {(x,y, Z)|x2 +y2 < rgore;Z =20 €[0,L]}.

Next, we describe how the above quantities are coupled to the thermal evolution. The change
in the fiber temperature compared to the ambient temperature (25°C), is a function of x, y, z, and ¢,
and we denote it by 67'(x, y, z, f). It satisfies the heat equation with a source term (Q) representing
the net absorption along the fiber, primarily due to the gain mechanisms. An analysis of the
relative sizes of derivatives in the heat equation indicates that 612[6 T1 may be neglected. Doing
so, we solve the following time dependent transverse heat Eq. (5) on the transverse domains

Q?Ober = {(x y,2)|x% + y? ﬁber, ;2 =2z0 € [0, L]; at each discrete longitudinal point along the

fiber, with a zero Dirichlet boundary condition at the boundary r = rgpe; denoted by 8(2?0[’“.

SIOZ

JloT] _ @,
at tshlgrznAx} [6T] + therm Q(Imlt, Ip71d) (-x y) € Qﬁber7 re [0, tﬁnal],

&)

therm

0T(x,,20,1) = 0 for (x,y) € 8(22}’“ and 6T(x,y,20,0) =0

SiO;

where atshioz and « are the thermal diffusivity and conductivity of glass, respectively. Note
erm therm

that the temperature is incorporated into the prior propagation equations via the perturbation to the
refractive index: 6n = (dn/dT)ST, where dn/dT is a measured thermo-optic coefficient [°C~'].
Although heat generated from the Raman gain process occurs over the entire cross-sectional
overlap area between the relevant irradiance profiles, the vast majority of this heat is generated
within the core region. Thus, we only consider heat generation in the core region:

M, M,
4 ¢
o~ _(gsls + g, +gp1p + Zgumlam + Zgumlam + Z TRgRIslt_ Z a’thermlf ) , (6)
m=1 m=1 Ce{t,s} Ce{ts,al
———
net active gain (stimulated emission) net active gain (spontaneous emission) net Raman gain absorption losses

where the absorption losses (atherm>0) sum the hydroxide contamination and background silica
(via phonon absorption) losses. For simplicity and speed of calculations, this model uses the
thermal parameters for glass in the polymer region. However, in order to improve the accuracy
of the reported change in temperature in the fiber, we approximately correct the change in
temperature value, as if all calculations were done with the proper polymer thermal parameters
and appropriate boundary condition at the glass-polymer interface, by using the steady-state
thermal profile that one would get if the heat generation occurred uniformly in the active gain
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region (core region) of the fiber:

2
2 Telad 2 Tfiber 1 _ r
Si0; In (rcore ) + Kpoly In ( Tclad ) + Si0; (1 (rc()re ) ) » TE I:O’ rcore]

therm therm therm

Gheat 2 7, 2 7
oT(r) = S0 ln( dad) + <5 In t?l?er ) r € (Feores Felad | > (7)
471' 2 r K Felad
therm therm
2 rfi
oy In (7)), r € (Felads Tiber

therm

where, as previously mentioned, rgper is the radius of the entire fiber, including the polymer.
The thermal conductivity of the polymer is denoted as Kgloelrym. In this case, the peak change in

temperature always occurs at the center of the fiber cross-section, and is given by

_ _m _ Yheat 2 Tclad 2 T'fiber 1
6Tpeak = 6T(V = O) = in |:Sl_02 In (r ) + poly In ( ra d) + Si0, l . (8)
therm core Ktherm cla Kiherm

This correction to the reported change in temperature value is derived by approximating the
uniform heat deposition per unit length (gheat) using the actual full heat generation in the amplifier

simulation (Q), i.e.,
Qheat(ZO) ~ ﬂ Q()C, Vs ZO) dQ, .
Qggre

Then, using either relation (8) or relation (7), one can very reasonably approximate the peak
change in temperature in the transverse cross-section of the fiber or find the approximate peak
temperature in the polymer jacket of the fiber.

3. Numerical simulation results

All the simulations are done using a C++ code built atop the multi-physics finite element software
library NGSolve [22,23]. In all of our runs, we have included experimentally calculated values
for background silica loss and OH™! contamination loss (1 ppm) extracted from [24, Fig. 2]. The
thulium absorption/emission cross-section values are evaluated using the data extracted from [10].
Moreover, this model considers ASE within the 1.9-2.15 ym wavelength band by binning this
region into five equally sized bins. The first bin has a central wavelength set at 1925 nm, and each
bin spans Adasg = 50 nm in wavelength. Using more ASE bins over the same region is more
accurate, since each bin references the gain parameters at the central wavelength, which vary over
the ASE wavelength window. However, based on our numerical tests, so long as the ASE levels
power remain low (~ <5 W), five bins produce results that are within a few percent of those
found when twenty five bins are used. The total dopant concentration is uniformly distributed
throughout the fiber core region, and is formulated as Ny = (3 . 1026) Niactor [ions / m3] , Where
MNractor 18 @ unitless scaling factor. Additionally, the fiber length is always set at the point where
95% of the pump power has been absorbed (L = Lgsg,). Seed ratios are always presented as the
tone power to the signal power (Py:Ps) in its reduced fraction form. Finally, in all cases when the
amplifier is coiled, the bending is circular such that Rpepg = 80 mm all along the fiber length.

3.1.  Thermally dependent mode-bend-loss

When the amplifier is coiled, the calculation of the mode-bend-loss values account for thermal
effects by altering the refractive index according to thermal profiles, utilizing relation (7), at
specified discrete peak change in temperature values. Figure 5 shows the computed mode-
bend-loss behavior at three different fiber peak change in temperatures, namely 0°C, 100°C,
and 200°C, as the wavelength varies around 2 ym. In this plot, the mode-bend-losses increase
with the wavelength for the guided core modes because longer laser wavelengths result in fiber
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waveguides that are closer to being robustly single-mode. However, the thermal lensing effect
reduces the mode-bend-loss values by increasing the numerical aperture of the fiber core region,
and therefore its V-number. The kinks in this plot may be due to the fact that our mode solver is
finding degenerate modes compared to what it found at other wavelengths. However, this is not
evident in the numerical results, which are always finding only one solution for the fundamental
mode, and for each orientation of the LP;; mode. For now these kinks may be considered part of
the uncertainty in the calculated mode losses.

Mode-Bend-Loss for Coiling Radius 80 mm

—— 0°C, LPO1
102 ] 0°C, LP11,
—— 0°C, LP11,
101 —— 100°C, LPO1
—— 100°C, LP11,
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1 200°C, LP11,
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Mode-Bend-Loss [dB/m]
= =
S 9

=
o
o
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=
Q
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Fig. 5. Mode-bend-loss behavior under three different temperature profiles.

3.2.  Single- and two-tone output signal power comparisons

In this brief study, we search for the two-tone seed ratios that either match the single-tone
amplifier output signal power or maximize the amplifier output signal power in a cold amplifier.
In all cases the fiber is coiled, its length is set at where 95% pump absorption occurs, and the
amplifier is given 1 kW of launched pump power and has a total seed power, summing the tone
and signal values across all modes, of 100 W. Heating effects are not considered. For A = 2110
nm, the single- and two-tone configured amplifiers produce nearly identical signal output powers
when the two-tone seed ratio is 21:10. However, the amplifier reaches its maximum output signal
power when a 1:1 ratio is used in the two-tone configuration. For the signal wavelengths of 2133
nm and 2170 nm, the single-tone configuration seems to produce the maximum output signal
power for the amplifier. For these wavelengths, we checked seed ratios as low as 1:50 for the
two-tone configured amplifier, and the output signal powers were increasing as this seed ratio
decreased. It is worth noting that lower seed ratios tend to be less beneficial for SBS mitigation.

3.3. Effects of the dopant concentration

In this investigation important amplifier performance characteristics are studied as the Tm dopant
concentration is varied. Both single- and two-tone amplifier configurations are considered, and
straight and coiled fiber cases are investigated. In all cases, the total seed power is 20 W, and, if
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not otherwise stated, the total launched pump power is 1 kW. This total seed power was chosen
to ensure that the ASE wavelengths do not grow to significant levels (<1 W). For the two-tone
configuration simulations, a 10:1 seed ratio is used. The first reported metric is the fiber length
that corresponds to 95% pump power absorption. The fiber performance is also characterized by
the output signal power (Ps(z = L)), the output signal amplification efficiency (15(z = L)), and the

peak change in temperature (67 max = max | T(x, y,2,1) | — Tambient) €xperienced throughout the

amplifier. In this study, the normalized power is obtained by dividing the given power by the total
initial power, which is the sum of the total seed power and the launched pump power. The fiber
signal amplification efficiency (75) at longitudinal point zg is expressed by the following formula:

Py(z = z0) — Ps(z = 0)

ns(z = 20) = .
Py(z = 0) - Pp(z = z0) + Pi(z = 0) — max {Pt(Z =0),P(z= zo)}

The numerical modeling results of this study for the straight and bent fibers are illustrated in
Fig. 6 and 7. For Fig. 6, plots (a) and (b), the first row shows the fiber length at which 95% of the
launched pump power is absorbed. The second and third rows, respectively, depict the trends in
the output signal powers and the output amplifier efficiencies under the same variations of the
total dopant concentration. Figure 7 plots the peak change in temperature variations over the
entire length of the straight fiber in the core (a) and polymer jacket (b) regions. The coiled fiber
results are very similar to the straight fiber results, and therefore were not worth illustrating in a
separate figure.

Recall that this study uses a fixed seed ratio, and thus is not optimizing the output signal power.
Therefore, a color-code is implemented to better describe the amplifier output behavior. In Fig. 6,
plots (a) and (b), the second and third rows of the two-tone column uses black to signify that
output tone power is less than 1% of the output signal power, whereas green indicates this ratio is
within 0.01 and 0.1, blue represents that it is between 0.1 and 0.5, yellow is for 0.5 to 1, and,
finally, red indicates that the ratio is above 1.

The main trade-off to be considered is that a higher dopant concentration allows for a shorter
fiber, which typically acts as an optical nonlinearity suppression mechanism (e.g., SBS mitigation);
however, it also results in higher fiber temperatures. As described previously, higher temperatures
can lead to polymer degradation or failure. The higher temperatures reduce the mode-bend-losses
(review Fig. 5), including the differential mode-losses, which would make higher-order mode
filtration less efficacious [25]. Near single-mode operation leads to better output beam quality.
Longer fiber amplifiers are better for achieving this mode filtration effect since the losses are
a scattering process as the light propagates. However, a longer fiber will also likely result in
lower amplifier efficiencies since the mode-bend-losses, intrinsic silica losses, and hydroxide
contamination losses will have a greater impact on the performance. Note that the heating due
to absorption from the loss mechanisms is non-negligible in terms of total energy deposited
throughout the fiber, and thus are included in the heat source term (Q), but they do not have
a significant impact on the peak change in temperatures. Though, none of these results are
surprising, or unexpected, Fig. 6 and 7 allow other researchers to approximately quantify amplifier
performance, and to optimize for their given application.

3.4. Onset of ASE based on seed conditions

Amplified spontaneous emission is an issue when lasing in the 2.1-2.2 ym wavelength regime
especially when one cannot achieve high enough seed powers to sufficiently saturate the active
gain mechanism such that stimulated emission dominates, and suppresses the spontaneous
emission. In these simulations, we are launching 1 kW of pump power into the coiled fiber, and
are using a total dopant concentration of 3 - 10%° ions/m> (MNpcor = 1). Note that the circular
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bending of the fiber has little effect on the onset of ASE. Furthermore, the total ASE power is
calculated by summing together the powers of each of the five ASE wavelength bins. Finally, for
simplicity, we treat the fibers as being robustly single-mode, which allows us to implement the
equivalent short fiber concept delineated in [13] without loss of simulation fidelity.

Figure 8 displays color contours for the maximum total ASE power levels along the amplifier
based on the total seed power and the seed ratio for all three signal wavelengths. The seed ratios
used for this study are 1:50, 1:25, 1:10, 1:1, 2:1, 5:1, and 10:1. These ratios are given as decimals
on the abscissa of the plots. Moreover, the single-tone configured amplifier results are plotted at
the seed ratio of 1:00 = 0. For the signal wavelengths of 2133 nm and 2170 nm, review Fig. 8
plots (b) and (c) respectively, the total ASE power only increases significantly as the seed ratios
approach the single-tone case, and thus are zoomed to that region. In the remaining part of these
two plots, the maximum ASE power level remains below 0.01 W within the considered fiber
length. Our results reflect the expectation that by increasing the total seed power, the onset of
ASE is mitigated. It is also clear from the data that lower seed ratios are worse at suppressing the
ASE. This is also not surprising, given that the signal is at a wavelength of low gain for the Tm
dopant, and therefore needs a stronger seed to ensure stimulated emission throughout the fiber.
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Fig. 8. Maximum total ASE power levels in a straight fiber.
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Figures 911 provide some examples of the ASE power profiles along the fiber length, including
the sum total ASE power level, when the total seed power is 5 W. The stark difference in the
ASE power levels between the two-tone (a) and single-tone (b) configurations in both Fig. 10
and 11 provide some indication as to why the ASE power levels are so low at all seed ratios for
data collected at A, = 2133, and 2170 nm (see Fig. 8 plots (b) and (c)). In these cases, for the
two-tone configuration, the tone wavelength is near the peak in the gain spectra of the Tm dopant.
Thus, the tone laser saturates the gain so well that the spontaneous emission is suppressed. The
signal is so weak that it does not compete well for the active gain, and the SRS effect is not strong
enough to compensate. Therefore, most of the output power resides in the tone wavelength. This
demonstrates that, when operating outside the main gain bandwidth, large seed ratios will likely
inhibit the signal amplification. However, in the single-tone case, there is no tone wavelength to
force stimulated emission, and so the ASE grows significantly.
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(a) Two-tone configuration with a 10:1 seed ratio. (b) Single-tone configuration.
Fig. 9. ASE power levels when Ag = 2110 nm using total seed power of 5 W.
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Fig. 10. ASE power levels when As = 2133 nm using total seed power of 5 W.

3.5. Onset of TMI

In this subsection, we investigate the power thresholds of the TMI for both single- and two-tone
amplifier configurations at A; = 2110 nm. The two-tone simulations are run with various seeding
conditions, and include cases for two bulk Raman gain coefficients: gg € {5, 15} - 10~'% m/W.
Higher Raman gain coefficients can be achieved with specific passive dopants such as germanium.
Only a straight fiber is considered, and its length has been fixed at L = 6 m, which, in all cases, is
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Fig. 11. ASE power levels when A5 = 2170 nm using total seed power of 5 W.

sufficient to determine whether or not the amplifier has reached its TMI threshold. We consider
a simulation to have reached the TMI threshold if the fundamental mode persistently transfers
at least 10% of its power to higher order modes. The total seed power is set at 100 W, which
ensures that the total ASE power throughout the fiber remains low (<1 W) for the single-tone
case with 1 kW of launched pump power.

Table 1 lists the TMI threshold in terms of launched pump power (Pp(z = 0)), and then provides
the corresponding output signal amplification efficiencies and maximum total ASE powers. In
the table, the single-tone (1:00 = 0 seed ratio) and the 21:10 seed ratio two-tone configurations
have about the same output signal powers in a cold fiber, making these set-ups very comparable
to one another. Also, recall that the two-tone configuration with a 1:1 seed ratio approximately
maximizes the output signal power for the amplifier. These cases show the trend as the tone seed
power is increased compared to the signal seed power.

Table 1. Launched pump power TMI threshold interval, with its corresponding
output signal amplification efficiencies and maximum total ASE power range,
for a straight Tm-doped amplifier with a 2110 nm signal wavelength, and a
100 W total seed power.

TMI Power Threshold Output Signal Maximum Total
grR=5" 10714 % Interval [kW] Efficiency Interval | ASE Power [W]
single-tone 2.3-24 0.555-0.563 <1
two-tone (1:1) 1.6-1.7 0.595-0.611 20-25
two-tone (21:10) 1.9-2.0 0.575-0.595 60-75
gr=15" 10713 % Threshold Interval [kW] | Efficiency Interval | ASE Power [W]
single-tone 2.3-24 0.555-0.563 <1
two-tone (1:1) 2.2-2.3 0.610-0.613 <1
two-tone (21:10) 3.0-3.1 0.610-0.625 <1

Other results of this study include the plot in Fig. 12 of the steady-state absolute temperature at
the fiber’s transverse center along the fiber length for both the single- and two-tone cases of the
coiled fiber, using an identical launched pump power that is below their respective TMI thresholds,
and that have comparable output signal powers in a cold amplifier. This plot demonstrates that
the two-tone configuration does, to a small degree, spread the heat out along the fiber length a
bit more than does the single-tone configuration, leading to a slightly lower peak temperature.
Additionally, Figs. 13 and 14 provide visual snapshots of the output signal mode power levels
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through time, both below and above the TMI threshold, and for both the single- and two-tone
configured amplifiers.

Single- and Two-tone Temperature Comparison at Fiber Center
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Fig. 12. Change in temperature at the fiber center comparison between single- and two-tone
coiled fiber at 2110 nm after 0.01 seconds.
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Fig. 13. Output signal mode powers for the single-tone configured straight amplifier
operating either below (a) or above (b) the TMI threshold.

In this TMI threshold investigation, we find that the Raman gain is having a moderate impact
on the TMI threshold depending on the seed ratio, and does seem to slightly mitigate the onset
of the ASE. Recall that this is a large mode area fiber, and the two-tone configuration tends to
reduce the onset of optical nonlinearities. The two-tone configuration, in general, is not able to
significantly impact the longitudinal thermal profile compared to the single-tone configuration
since the tone wavelength is relatively very close to the signal wavelength, rather than being
more intermediate between the pump and signal wavelengths. Even still, our results indicate
that the chosen seed ratio more prominently affects the TMI threshold and signal amplification
efficiency in important ways. The two-tone configuration does seem to suppress the onset of the
TMI over the single-tone configuration, at least as long as the ASE power levels are kept low.
However, it is not too surprising that the TMI power thresholds are lower for the 1:1 seed ratio
as compared to the 21:10 seed ratio, since the 1:1 seed ratio is closer to maximizing the output
signal power. Unfortunately, the optimal seed ratio for mitigating the onset of the TMI will not
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Fig. 14. Output signal mode powers for the two-tone configured straight amplifier (1:1 seed
ratio) operating either below (a) or above (b) the TMI threshold.

likely be close to the optimal seed ratio for suppressing the onset of SBS. Even still, one may
desire the lower seed ratios in order to maximize the output signal powers, and thus the signal
amplification efficiency as well. And, as described previously, one problem with too high of a
seed ratio is the onset of ASE; however, this is where having a larger bulk Raman gain coefficient
is helpful a mitigating the onset of ASE.

4. Conclusions

This numerical simulation effort provides important quantifications of the complex performance
trade-space for high-power continuous-wave Tm-doped fiber laser amplifiers operating in the
2.1-2.2 um wavelength regime. Our studies have included the effects of changing the total dopant
concentration in the amplifier, the seeding conditions (including both the total seed power and
tone-to-signal seed ratios), the amplifier configuration (single- or two-tone), the magnitude of
the bulk Raman gain coeflicient, the coil of the fiber (straight or circularly bent), and the signal
wavelength. These important amplifier characteristics include the anticipated amplifier lengths
of 95% pump absorption, the guided core mode-bend-losses under different thermal loads, the
signal amplification efficiencies, the signal output powers, the expected conditions for the onset
of ASE and the onset of the TMI, and the predicted maximum temperatures throughout the fiber.
All of these calculations are done under somewhat idealized conditions, but are indicative of
what can be anticipated in real amplifiers. Our results provide relative magnitudes and trends
that allow other researchers to identify potentially important parameter ranges to quantify their
amplifier performance under various configurations.
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