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Abstract: The transverse mode instability (TMI) is a nonlinear phenomenon that leads to
coupling between the fundamental and higher-order modes (HOMs) in high-power fiber amplifiers
when the pump power exceeds a threshold. This mode instability diminishes beam quality.
Bending of the gain fiber has been shown to be an effective technique for suppressing TMI. We
use the phase-matched model to simulate TMI within bent fibers using a co-propagating pump.
We separately include the contributions of leakage loss and the mode deformation due to bending.
Our results indicate that while both effects contribute to the suppression process, the bending
loss plays a more important role. We also find that it is advantageous to only bend the initial part
of the fiber near the input, which maximizes suppression of the HOMs while minimizing loss of
the fundamental mode. We then numerically optimize the bend radius and the length of the bent
portion of the fiber to maximize TMI suppression. Using the counter-propagating pump, the
TMI threshold is less sensitive to the location of the bend portion of the gain fiber, as compared
with the co-propagating pump.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The transverse mode instability (TMI), generated by stimulated thermal Rayleigh scattering, has
been the subject of intense study since it was first discovered by Eidam et al. [1,2] due to TMI
being one of the nonlinear effects that limit power scaling of high-power fiber amplifiers. TMI
occurs when the beating between the fundamental and higher-order modes (HOMs) creates an
interference pattern in the longitudinal direction. This interference pattern induces a grating
in the fiber, which enables power transfer between the fundamental mode and HOMs, leading
to a decrease in output beam quality [1]. The pump threshold power for TMI heavily depends
on the fiber characteristics such as core size, gain per unit length, and numerical aperture
[2–5]. Decreasing the core diameter aids in the suppression of HOMs and TMI but then lowers
the threshold for other instabilities that are generated by stimulated Brillouin scattering (SBS)
[6,7] and stimulated Raman scattering [3]. Reduction of the gain by decreasing the doping
concentration within the core reduces the initial buildup of HOMs but requires a longer fiber to
achieve the same pump absorption [8,9], which will also decrease the threshold due to SBS [6,7].
Decreasing the numerical aperture for a fiber amplifier ensures single-mode operation, but there
is a practical limit to the numerical aperture based on current manufacturing techniques [3].

Several suppression techniques have been proposed to mitigate TMI that go beyond the design
of the fiber amplifier, which include optimization of pump and signal wavelengths to reduce
defect heating [10], counter-propagating pumps [11,12], multimode excitation [13], fiber tapering
[14], and bending of the fiber [9,11,15–22]. Bending the gain fiber has proven to be effective
in experiments to increase the TMI threshold power by inducing high loss for HOMs while
retaining a reasonable low loss for the fundamental mode [9,11,15–22]. However, if the bend
radius becomes too small, then the loss for the fundamental mode will become high, which leads
to a reduction in total output power. Hence, there is an optimum bend radius for a given fiber
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design. In this paper, we study the optimum bend radius for TMI suppression. Besides the bend
loss, we find that the mode deformation due to bending also contributes to TMI suppression.
Using the co-propagating pump, we also find that it is advantageous to only bend the initial part
of the gain fiber, as bending the whole fiber leads to excessive loss for the fundamental mode. It
is preferable to bend the fiber near the signal input end to suppress the initial growth of the HOM.
We numerically optimize the bend radius and length of the initial bent portion to maximize TMI
suppression. Using the counter-propagating pump, the TMI threshold is less sensitive to the
location of the bent portion of the gain fiber, as compared with the co-propagating pump.

2. TMI modeling for bent fibers

For modeling TMI, we use the phase-matched model as described in [23]. The phase-matched
model yielded a speedup factor of 139 over standard coupled-mode theory in a realistic amplifier
model [23,24]. This speedup is obtained because only the phase-matched terms are included in
the coupled-mode equations, allowing a much coarser longitudinal discretization without loss of
accuracy. To include the change in refractive index due to bending, a conformal transformation
is applied where the index profile of a curved waveguide is transformed into a modified index
profile in a straight waveguide [25]. Hence, the refractive index for the bent fiber appears as
n′(x, y) = n(x, y) exp(y/R) where the bend direction is assumed to be in the y-direction, R is the
bend radius, and n(x, y) is the cross-sectional refractive index profile of the straight fiber. We
use the finite difference method (FDM) to find the leaky mode [26] for bent fibers. We then
use the leaky mode profile and loss in the phase-matched model. The beat length between the
fundamental mode and HOM will change in the bent fiber as the propagation constant varies in
the bent fiber. The amplitudes of the fundamental and the first HOM are given by [23,27],
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where ω is the angular frequency, β is the propagation constant, c is the speed of light,
E0, E1 are the mode profiles of the bent fiber for the fundamental mode and the HOM,
referred to here as bent fiber modes, A0, A1 are the corresponding longitudinal amplitudes,
and α0, α1 are the loss coefficients. Subscripts 0 and 1 indicate fundamental mode and HOM,
respectively. The index changes due to the fundamental mode and the HOM, ∆n, can be expressed
as ∆n(r⊥, z) = ∆n0(r⊥, z) + 1

2 [∆n+(r⊥, z) exp(i∆βz) + ∆n−(r⊥, z) exp(i∆βz)], where ∆n0(r⊥, z),
∆n−(r⊥, z), and ∆n+(r⊥, z) vary slowly compared to the beat length [23], and ∆β is the difference
in propagation constants between the fundamental mode and HOM. The index change ∆n is a
complex quantity that incorporates the index changes due to both the thermo-optic effect and
the signal gain provided by amplification. A detailed formulation is provided in Appendix A.
Modeling only one HOM is sufficient to determine the onset of TMI.

3. Uniform bending of the fiber amplifier

We first consider a uniform bend throughout the entire length of the gain fiber to find the optimal
bend radius. In Fig. 1, we show the loss as a function of the bend radius for the fundamental
mode (LP01) and the lowest order of HOMs (LP11) with the fiber parameters based on previous
literature [23]. Table 2 in Appendix B shows the loss of the fundamental mode and the HOM
with different bend radii. We also compared the leakage loss of our model with the existing
literature [28] and found good agreement. Figure 2 shows profiles of the fundamental mode and
HOM with and without bending where the bend is in the y-direction.
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Fig. 1. Loss as a function of bend radius for both the fundamental (LP01) and the lowest
order of HOMs (LP11). Dcore = 50 µm. ncore = 1.45031. N.A. = 0.03.

Fig. 2. Transverse mode profiles for the (a) fundamental mode and (b) HOM without
bending and (c) fundamental mode and (d) HOM with bend radius of rbend = 30 cm. Black
dashed circles indicate core boundary.

Fiber parameters used in this paper are given in Table 1, based on previous literature
[23,24,27,29]. Appendix A provides a description of the physical parameters and mathematical
formulation of our numerical model. The research on TMI focuses on large-mode area (LMA)
active fibers, which are known to have TMI as the main limiting factor for power scaling rather
than other nonlinear effects [2,3,7,9]. Previous results [27] show that, at a Dcore of 43 µm, TMI
and the Brillouin instability play an almost equal role in limiting the high output power. We
used a Dcore of 50 µm in this paper, which has been used in prior experimental [30–33] and
simulation [24,27,34] papers. At this diameter, TMI is the principal factor that limits the power
scaling. With a large core diameter, a smaller NA = 0.03 is used to avoid many higher-order
modes (HOMs), which has been demonstrated in the experimental works [33,35–37]. We use a
single-frequency signal in the simulations. We used a value of 30 mW for the HOM seed, which



Research Article Vol. 5, No. 2 / 15 Feb 2026 / Optics Continuum 639

is 0.1% of the signal power in the fundamental mode. This seed power is expected to dominate
over fundamental thermal and quantum noise sources. We maintain a constant seed power during
all of our simulations to ensure the TMI threshold comparison remains independent of seed ratio
variations [24,38–40]. We used a co-propagating pump, where both signal and pump power are
injected from the same side of the fiber. To understand how bending the fiber affects the TMI,
we define the HOM content as ρ(t) = PHOM(t)/Ptotal(t) where PHOM is the output power in the
HOM, and Ptotal(t) is the total power of fundamental mode and HOM, at the end of the fiber. The
pump threshold power is defined as the lowest pump power where max[ρ(t)]>0.01 [23,27,34],
which is consistent with the 1% power threshold definition for the instability due to the Brillouin
effect [6,7,41,42]. In the linear limit below threshold, when all HOMs have a low power, HOMs
will only interact with the fundamental mode.

Table 1. Simulation parameters

L (m) Dcore (µm) Dclad (µm) n N.A. N0 (m−3)

10 50 250 1.45031 0.03 1025

λsignal (nm) λpump (nm) Psignal (W) PHOM (mW) ∆x,∆y (µm) ∆t (µs)

1064 977 30 30 1.6 5

σ
(e)
p (pm2) σ

(a)
p (pm2) σ

(e)
s (pm2) σ

(a)
s (pm2) Simulation Window (µm2)

1.87 1.53 0.006 0.358 122 × 122

In Fig. 3(a), we show the maximum HOM content, max[ρ(t)], as a function of bend radius
and pump power. The black dashed line shows where the HOM content equals 1%. As the
bend radius decreases, the HOM’s loss rises, leading to a higher threshold for the pump power.
Figure 3(b) shows the corresponding output power as a function of bend radius and pump power.

Fig. 3. (a) HOM content as a function of bend radius and pump power. (b) Signal output
power as a function of bend radius and pump power. The dashed line shows the 1% HOM
content.

Based on the dashed black line shown in Figs. 3(a) and (b), we obtain the pump threshold
power and the corresponding signal output power and plot them using black-dashed and blue-solid
curves, respectively, in Fig. 4. Even though the pump threshold power increases as the bend radius
decreases, the output power will eventually decrease since the loss in the fundamental mode also
increases. A tradeoff exists between the HOM suppression and decrease of the fundamental
mode output power, so that there is an optimal bend radius that maximizes the output power
while keeping the maximum HOM content at 1%. The maximum signal output power and the
accompanying bend radius in Fig. 4 are 292 W and 37 cm, respectively, which is an increase of
46% compared to a straight fiber where the signal output power at threshold is 200 W. A TMI
threshold of a few hundred watts is consistent with experimental results using a narrowband
signal wave [43–45]. We obtained an efficiency of 75% at a uniform bend radius of 37 cm, as
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shown in Fig. 4, where efficiency is defined as the ratio of signal output power to the total input
signal and pump power.

Fig. 4. Pump threshold and corresponding signal output powers as a function of bend radius.
The signal input power is 30 W.

4. Impact of loss and mode deformation due to bend

The benefit of bent fiber for TMI suppression comes from two physical effects—the increased
loss that is shown in Fig. 1 and the mode deformation that is shown in Fig. 2. We now try to
distinguish the impact of the loss and mode deformation due to bending on TMI suppression.
We consider three cases in which we (i) include both the bent fiber mode deformation and
the additional bend loss, (ii) include the bent fiber mode deformation without including the
additional bend loss, and (iii) include the additional bend loss without including the bent fiber
mode deformation. Here, including bent mode deformation means that we use the mode profiles
in the bottom row of Fig. 2 as the fiber modes in TMI modeling with corresponding bend radius.

Following a similar procedure as discussed in the previous section, Fig. 5(a) shows the pump
threshold power for the three cases. The pump threshold power monotonically increases as the
bend radius decreases for all three cases, showing that all modes and losses due to bend lead
to a larger pump threshold as the bend radius decreases. Figure 5(b) shows that, when we only
consider the change in the mode profile, the signal output power at the pump threshold power
increases monotonically as the bend radius decreases. However, if we consider the additional loss
due to bending, the signal output power increases then decreases as the bend radius decreases
due to increased loss of the fundamental mode. At an optimal bend radius of 37 cm, the signal
output power when we only consider the loss, shown by the red dashed curve, is higher than the
signal output power when we only consider the change in the mode profile, shown by the yellow
dotted curve. Hence, both mode shape deformation and bend loss contribute to TMI suppression,
with bend loss playing a more important role.

To further understand the contribution of bent fiber mode deformation in bent fibers to TMI
suppression, we calculate the mode overlap, which is defined as

∫
|E0 · E∗

1 |dS between the
fundamental mode and the HOM, shown as the blue curve in Fig. 6(a). The red and yellow
curves in Fig. 6(a) show the mode overlap with the fiber core for the fundamental mode and
first HOM, respectively, which is defined as

∫
Core |E0,1 |

2dS. For a simple and direct illustration
of the mode overlap between the fundamental mode and HOM, the mode overlap calculation
does not include the thermally induced refractive index. We also show effective mode area
using Aeff = (

∫
|E |2dS)2/

∫
|E |4dS, and plot it in Fig. 6(b). As the bend radius decreases,

the fundamental mode is pushed to one side of the core, and the effective mode area for the
fundamental mode quickly decreases. By contrast, the mode area for the HOM is pushed into
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Fig. 5. (a) Pump threshold power and (b) output power threshold as a function of bend
radius. We consider three cases: (i) bent fiber mode deformation and bent fiber loss, (ii)
only bent fiber loss, and (iii) only bent fiber mode deformation.

Fig. 6. (a) The mode overlap between the fundamental mode and HOM (blue curve), the
overlap factor between the fundamental mode and fiber core (red curve), and the overlap
factor between HOM and fiber core (yellow curve). (b) Effective mode area.

the cladding region without changing too much in the effective area. This leads to a decrease in
spatial overlap as the bend radius decreases.

5. Partial fiber bending using a co-propagating pump

Next, we study cases in which only a portion of the gain fiber is bent, which means a segment of
the fiber is bent. We consider partial bending of the fiber over lengths of 1, 3, 5, 7, or 9 m at
various starting positions for a total fiber length of 10 m. The bend radius is set to 37 cm, which
corresponds to the highest output power in Sec. 4. Figure 7 shows the pump threshold power and
signal output power as a function of the point in the fiber at which the bend begins. The results



Research Article Vol. 5, No. 2 / 15 Feb 2026 / Optics Continuum 642

show that the bend should be placed at the signal input side, regardless of the length of the bent
portion, which suppresses the initial growth of the HOM. If we compare the optimized results in
Fig. 7 and Fig. 5(b), we see that the partial bending can better suppress the TMI and lead to a
higher signal output power.

Fig. 7. (a) Pump threshold power and (b) signal output power as a function of bend starting
position. We use partial bending of the fiber over lengths of 1, 3, 5, 7, or 9 m for a total fiber
length of 10 m. The signal output powers for the optimal uniform bent fiber and the straight
fiber are 292 W and 200 W, respectively.

Placing the bent portion of fiber on the signal input side, we next study the optimal bend radius
and length of bent fiber. Figures 8(a) and 8(b) show the contours of signal output power and
pump threshold power, respectively. The dashed curves in Fig. 8 show the optimized length of
bent fiber corresponding to a maximum signal output power at different bend radii. For a bend
radius smaller than 30 cm, the bend loss increases, and the efficiency decreases. In Fig. 9, we
show the optimal power and efficiency as a function of the bend radius. Figure 9(a) is obtained
from the dashed curves in Fig. 8. When the bend radius decreases, the optimal length of the bent
fiber decreases due to the extra loss in the fundamental mode. However, signal output power and
pump threshold power increase. We show the efficiency in Fig. 9(b), defined as the ratio of signal
output power to the total input signal and pump power. We obtained a maximum efficiency of
80% at a bend radius of 34 cm, which exceeds the maximum efficiency of 75%, achieved with a
uniform bend radius, as shown in Fig. 4. We also evaluate a figure of merit, F, defined as the
product of signal output power and efficiency. It shows that even though the signal output power
increases when the bend radius becomes smaller, the figure of merit has an optimized point with
a bend radius around 32 cm because the efficiency quickly drops when the bend radius further
decreases. We show that we can obtain both high signal output power and high efficiency with a
radius range of 32–34 cm. If the bend radius is smaller than this range, there will be a higher
loss with a lower efficiency. If the bend radius is larger than this region, the output power is
low with limitations due to TMI. Using a bend radius of 32 cm, the partial bending increases
the signal output power to 318 W, which is 9% and 59% higher compared with the cases of an
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optimal uniform bending of 37 cm (292 W) and straight fiber (200 W), respectively, based on
results in Fig. 4. Although an increase of 9% is not large, it can be obtained with little additional
experimental effort.

Fig. 8. (a) Signal output power and (b) pump threshold power as a function of the bent fiber
length and the bent radius.

Fig. 9. (a) Contours of efficiency and (b) figure of merit, which is defined as the product of
signal output power and efficiency.

In a co-propagating pump configuration, the thermal load is predominantly concentrated near
the input end due to the high signal gain associated with a strong pump [23,24]. This thermal
load induces a refractive index grating, which facilitates coupling between the HOM and the
fundamental mode. Consequently, it is critical to suppress HOM that is generated at the beginning
of the fiber, which highlights the advantage of bending at the signal input end.
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6. Partial fiber bending using a counter-propagating pump

In this section, we investigate partial fiber bending for TMI suppression using a counter-
propagating pump, where signal and pump waves are specified at the two ends of the fiber.
One of the most common approaches for solving this two-point boundary-value problem is
to first propagate the signal waves forward using a fixed pump profile and then to propagate
the pump waves backward using a fixed signal profile to ensure that both boundary conditions
are automatically satisfied [46,47]. This relaxation algorithm is then iterated until the solution
converges. We used the same fiber parameters as described in Table 1.

Figure 10 shows the simulation results for the pump threshold power and signal output power
as a function of the bend starting position for different lengths of partially bent fibers, using the
counter-propagating pump. A bent radius of 37 cm is used. Similar to the co-propagating pump
as shown in Fig. 7, increasing the length of the partially bent fiber generally leads to a higher
TMI threshold using the counter-propagating pump. However, using the counter-propagating
pump, the TMI threshold is less sensitive to the bend starting position, compared to the case
with the co-propagating pump. If we use 5 m bent length as an example, the signal output power
varies from 308 W to 295 W for different bend starting positions for the counter-propagating
pump, as the signal output power varies from 284 W to 228 W for the co-propagating pump. Our
results also show a higher threshold power for the counter-propagating pump, compared to the
co-propagating pump, which is consistent with previous publications [11,48].

Fig. 10. Using the counter-propagating pump, (a) the pump threshold power and (b) the
corresponding signal output power as a function of the bend starting position for different
lengths of partially bent fiber.

In order to better understand the difference between the two pumping schemes, we show the
power of the fundamental mode and HOM along the fiber. In Figs. 11(a) and 11(b), we show two
cases for the co-propagating pump, one with the bent fiber at the beginning 5 m on the signal input
side, and one with the bent fiber at the end 5 m on the signal output side. In the co-propagating
case, using a pump power of 242 W, selected based on Fig. 7, the fundamental mode grows
gradually at the beginning of the fiber, and bending at the beginning effectively suppresses the
buildup of the HOM, decreasing the additional energy transfer from the fundamental mode to the
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HOM. In Fig. 11(b), when bending is applied at the output end, the HOM content rises more
rapidly and reaches its maximum value at the midpoint of the gain fiber before returning to a
lower level at the fiber output. In contrast, Figs. 11(c) and 11(d) show the power profiles for the
counter-propagating pump, using a pump power of 301 W, selected based on the yellow curve in
Fig. 10(a). We find that the pump power is the highest, and the gain for the HOM is significantly
larger than the bend loss at the signal output end, so that, whether the bend is placed at the
beginning or at the end, the power values of the fundamental mode and HOM remain almost the
same. Hence, using the counter-propagating pump, the TMI threshold is relatively insensitive to
the bend start position, compared to the case using the co-propagating pump.

Fig. 11. (a) The fundamental mode power P0 and (b) HOM power PHOM as a function of
fiber position, using a co-propagating pump. (c) The fundamental mode power P0 and (d)
HOM power PHOM as a function of fiber position, using a counter-propagating pump.

Figures 12(a) and 12(b) show the contours of signal output power and pump threshold power,
respectively, using the counter-propagating pump. We place the bent portion of the gain fiber
at the signal input side. We have compared our results, which show that placing the bent fiber
at different locations does not yield better output signal power. The dashed curves in Fig. 12
show the optimized length of the bent fiber corresponding to a maximum signal output power at
different bend radii. Figure 13 shows the contour of the efficiency, which is again defined as the
ratio of signal output power to the total input signal and pump power. For a bend radius smaller
than 28 cm, the bend loss increases, and efficiency decreases.

In Fig. 14(a), we show the optimal signal power, the corresponding pump threshold power,
and the corresponding length of the bent fiber as a function of the bend radius based on the
dashed curves in Fig. 12. When the bend radius decreases, the optimal length of the bent fiber
also decreases while the signal output power and pump threshold power increase. We also show
the efficiency and the figure of merit, F, in Fig. 14(b). It shows that for the counter-propagating
pump, the figure of merit has an optimal value with a bend radius of 31 cm. On the other hand,
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Fig. 12. (a) Signal output power and (b) pump threshold power for the counter-propagating
pump. The dashed curves show the optimized length of the bent fiber corresponding to a
maximum signal output power at different bend radii, based on (a).

Fig. 13. The efficiency for different bent fiber lengths and the bent radii. We also show the
same dashed curve from Fig. 12.

the efficiency decreases when the bend radius decreases, due to the additional loss shown in
Fig. 1.

7. Conclusions

TMI is a nonlinear phenomenon that couples the fundamental and HOMs when pump power in
high-power fiber amplifiers surpasses a threshold. Bending the gain fibers can suppress TMI by
inducing larger bend loss of the HOM. Experimental setup of fiber amplifiers with several meters
of a straight fiber may be cumbersome in practice. However, if the bend radius is too small, the
signal power experiences extra loss. An optimum bend radius exists if a uniformly bent fiber
is used. The mode deformation for the fundamental mode and HOMs also reduces the mode
coupling. An even higher signal output power can be obtained by using a partial bend of the gain
fiber. Using the co-propagating pump, the bent portion of the fiber should always start at the
signal input side to suppress the initial growth of the HOMs. We found a range of bend radii
and lengths that simultaneously achieve high efficiency and high signal output power. Using the
counter-propagating pump, the TMI threshold is less sensitive to the location of the bent portion
of the gain fiber, compared with the co-propagating pump.



Research Article Vol. 5, No. 2 / 15 Feb 2026 / Optics Continuum 647

Fig. 14. (a) Pump threshold power, signal output power, and bent fiber length as functions
of bend radius. (b) Efficiency and figure of merit using the counter-propagating pump. The
figure of merit F is defined as the product of signal output power and efficiency.

Appendix A: mathematical formulation of the phase-matched model

This appendix summarizes the mathematical formulation underlying Eq. (1), based on the
phase-matched model by Menyuk et al. [23]. We begin by writing the signal intensity Is(r⊥, z, t)
as

Is(r⊥, z, t) = Is0 +
1
2
[Is+ exp(i∆βz) + Is− exp(−i∆βz)] , (A1)
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We can now compute the upper state density N2 of the two-level amplification system, which
is given by

N2 =
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where ω and ωp are the signal and pump angular frequencies, respectively. τ is the spontaneous
decay time of the upper level, which is 850 µs in our simulation. N0 is the total density of Yb ions.
Is and Ip are signal and pump intensity, respectively. σ(a)

p , σ(e)
p , σ(a)

s , and σ(e)
s are the absorption

and emission cross-sections at the pump and signal frequencies, respectively. We can further
rewrite Eq. (A3), truncate the higher harmonics that are proportional to exp(±im∆β) term with
m>1, and we obtain

N2 =
A + B cos θ
C + D cos θ

N0, (A4)
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We now can write N2 ≃ N20 + (1/2) [N2+ exp(i∆βz) + N2− exp(−i∆βz)], where
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and r = (1 − D2/C2)1/2. Next, we will determine the heat deposition due to the quantum defect,
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Similarly, we can write Q = Q0 + (1/2) [Q+ exp(i∆βz) + Q− exp(−i∆βz)], where

Q0 =

(︃
1 −
ω

ωp

)︃ [︂
σ(a)

p N0 −
(︂
σ(a)

p + σ
(e)
p

)︂
N20

]︂
Ip,

Q+ = Q∗
− = −

(︃
1 −
ω

ωp

)︃ (︂
σ(a)

p + σ
(e)
p

)︂
N2+Ip.

(A8)

We can further find the corresponding T0 and T+ in T = T0+(1/2) [T+ exp(i∆βz) + T− exp(−i∆βz)],
based on the heat equations

ρC
∂T0
∂t

− κ∇2
⊥T0 = Q0, ρC

∂T0+
∂t

− κ∇2
⊥T+=Q+, (A9)

where ρ is the material density, C is the heat capacity, κ is the heat diffusivity, and T+ = T∗
−.

We can now find the change in the index of refraction. There are two contributions to the index of
refraction that we must take into account. The first contribution is due to the temperature change as
∆nT = ∆nT0 + (1/2) [∆nT+ exp(i∆βz) + ∆nT− exp(−i∆βz)], where ∆nT0 = (dn/dT) (T0 − Troom),
∆nT+ = ∆n∗T− = (dn/dT)T+. The second contribution is from the gain,

∆ng0 = −i
c

2ω

[︂(︂
σ(e)

s + σ
(a)
s

)︂
N20 − σ

(a)
s N0

]︂
,

∆ng+ = −∆n∗g− = −i
c

2ω

(︂
σ(e)

s + σ
(a)
s

)︂
N2+,

(A10)

and ∆ng = ∆ng0 + (1/2)
[︁
∆ng+ exp(i∆βz) + ∆ng− exp(−i∆βz)

]︁
, which corresponds to a gain of

g(r⊥, z, t) =
(︂
σ(e)

s + σ
(a)
s

)︂
N2(r⊥, z, t) − σ(a)

s N0(r⊥). (A11)

Finally we obtain ∆n0 = ∆nT0 + ∆ng0, ∆n0 = ∆nT+ + ∆ng+, and ∆n− = ∆nT− + ∆ng−.
To complete the model equations, we must obtain the pump intensity Ip. We use the expression

dIp

dz
= ±

[︂(︂
σ(e)

p + σ
(a)
p

)︂
N20 − N0

]︂
, (A12)

where the sign depends on whether the pump is forward- or backward- propagating, and the
overbar indicates that the population densities are averaged over the cross-section of the pump.

The details of the simulation flow chart appear in Fig. 1 of Ref. [23].
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Appendix B: list of fundamental mode loss and HOM loss with different bend
radii.

Table 2. List of fundamental mode loss and HOM loss under
different bend radii.

Bend radius (cm) Fundamental Mode Loss (dB/m) HOM Loss (dB/m)

30 1.38 16.40

32 0.69 10.70

34 0.34 6.96

36 0.16 4.52

38 0.08 2.95

40 0.04 1.93

42 0.02 1.26

44 0.0094 0.82
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