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Abstract: In this work, we conducted a numerical analysis to investigate the combined effect of
thermal lensing and bending-induced mode distortion on transverse mode instability in conventional
large-mode-area (LMA) step-index fibers. Utilizing the finite element method, conformal mapping,
and thermal conduction equations, we simulated the mode profiles in LMA 20/400 and 25/400 fibers
subjected to both bending and thermal lensing effects; the corresponding evolution of mode loss and
effective area were explored as well. Additionally, by introducing the derived mode profiles to the
TMI coefficient calculations, we analyzed the influence of bending and thermal lensing (TL) on TMI;
the simulation results indicate that the mode distortion caused by bending and the TL effect, under
the bending conditions commonly encountered in practice, do not have pronounced impacts on TMI
coefficient and TMI threshold.

Keywords: transverse mode instability; thermal lensing; mode distortion

1. Introduction

Fiber laser systems have demonstrated significant advancements in power scalability.
The exceptional surface-to-volume ratios of fiber geometries contribute to their remarkable
thermal handling capabilities, allowing them to endure high average output levels [1]. The
availability of high-brightness pump sources, combined with the utilization of large-mode-
area (LMA) step-index fibers (SIFs), has propelled the output power of high-power fiber
laser systems to multi-kilowatt levels [2,3]. However, this impressive evolution in power
scaling also leads to increased thermal load. The thermal lensing (TL) effect, characterized
by a reduction in mode field diameter (MFD) as the average output power rises, intensifies
the impact of nonlinear effects while diminishing the advantages of large-mode-diameter
designs [4].

More recently, a new thermally induced nonlinear effect known as transverse mode
instability (TMI) has been identified. The threshold for this effect is dependent on the
average power of high-power fiber lasers (HPFLs). Once a certain average power is reached,
a sudden onset of temporal fluctuations in the beam profiles occurs, which degrades the
output beam quality and halts further increases in output power. It is generally believed
that this instability arises from the dynamic energy transfer between the fundamental mode
(FM) and the higher-order modes (HOMs), with the onset of this effect being triggered by
thermal grating [5]. Numerous advanced numerical models have been proposed, providing
significant insight into the TMI effect and guiding efforts to improve the TMI threshold [6-9].
Among these models, the TMI coupling coefficient is a critical parameter that determines
the mode coupling gain and quantifies the strength of the TMI effect. This coefficient is
highly dependent on the mode profiles of the FM and HOMs, as well as the frequency shift
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between them. As long as the mode functions and thermal Green’s function for a fiber are
determined, the TMI coefficient can be calculated, allowing for the determination of the
TMI threshold for a specific fiber [6,7].

In fiber amplifier systems, fibers are often bent or coiled to a selected diameter, a
practice that aims to suppress unwanted HOMs and enhance the output beam quality. Both
theoretical and experimental studies have demonstrated that optimizing the fiber’s bending
radius and coiling method can improve the TMI threshold [10]. These investigations
primarily consider the bending-induced mode losses in HOMs. However, it is essential
to recognize that bending the fiber also alters the mode profiles that the fiber can support,
which in turn impacts the TMI coupling coefficient—a factor that should not be overlooked.
Furthermore, as power levels increase, the TL effect compresses the modes guided by
the bent fiber, leading to further modifications of the TMI coefficient. The combined
effect of bending and TL-induced changes in the mode profile on TMI has yet to be
thoroughly investigated.

Herein, we present a numerical analysis of the impact of mode distortion caused by
the combined effects of bending and TL on the TMI coefficient in conventional large-core
step-index fibers with core/cladding diameters of 20/400 um and 25/400 um. Bending
radii were selected in a range where the FM experiences negligible loss while the LP11
mode exhibits less than 1 dB/m of bend loss. A heat load of 200 W/m was applied to
assess its effect. The numerical results suggest that the increased heat load appears to
contribute to a reduction in mode loss for the bent fiber; the mode distortion resulting from
both bending and TL within the specified bending radius and heat load ranges does not
significantly influence the TMI coefficient.

2. Theoretical Background and Simulation Method

To begin, we provide a brief overview of the theoretical background underpinning our
model. Following this, we outline the simulation process, detailing the calculation methods
employed at each stage of the model.

The mode coupling mechanism is believed to be a form of stimulated thermal Rayleigh
scattering (STRS); the theoretical model of STRS has been widely employed in TMI stud-
ies [6-8,11]. In the model [8], the simplified output power of HOM (LP11 in this article)
with a fiber length of L derived from the coupling equations is

P11 (L) = Pyp(0)el8u—en)LoxPo (L), O

where 77 is the mode loss of LP11. P11(0) and Py; (L) are the initial power of the LP;; mode
and the output power of the FM (LPy; mode), respectively. x denotes the TMI coupling
coefficient between the LPy; mode and LPy; mode. g1; = gI'1; represents the propagation
distance-independent fiber amplifier gain for LP1; modes; g is the rare earth doping-raised
bulk gain coefficient. I' is the overlap integral between the doped region and the transverse
modes, which can be written as I'; = HSd ¥i(r1 ) ¢;(r, )d?r , where ;(r | ) represents the
mode profile, S; and the subscript denote the doped region and transverse coordinates x
and y, and the outer integral is over the entire fiber cross-section.

From Equation (1), it is clear that the power growth of the LP; mode is influenced
by three key factors: the initial power of the LP1; mode (P1(0)); the laser gain (11 — &11),
which encompasses both the amplification process and the total mode loss; and the mode
coupling gain (xPy; (L)), which depends on the TMI coefficient and the output power of the
LPy; mode. This understanding leads to three corresponding methods for TMI suppression:
improving the mode purity of the LPyp; mode, which can reduce the proportion of the initial
power of LPy1; increasing the mode loss to filter the LP1; mode out and effectively diminish
its growth by making it less competitive in terms of amplification; and reducing the TMI
coefficient, weakening the mode coupling process. One practical approach to enhance
mode-dependent loss is to bend the fiber at a smaller radius. This method is particularly
effective, as HOMs such as LP1; typically experience greater bend loss compared to the
FM. By carefully selecting the bending radius, it is possible to significantly suppress power
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growth in HOMs without the need for modifications to fiber designs or adjustments to the
wavelength [12,13].

Theoretical work analyzing the influence of fiber bending on the TMI threshold
primarily focuses on the mode-dependent losses induced by bending, representing the
second factor impacting TMI; however, it is important to recognize that bending the fiber
also alters the mode profiles. Additionally, as power increases, the heat load resulting from
quantum defect and photodarkening generates the TL effect, which modifies the refractive
index distribution of the bent fiber and further alters the mode profiles. This interplay
results in mode distortion, which affects the TMI coefficient and, consequently, influences
the mode coupling gain—this constitutes the third factor we previously mentioned. In
the following discussion, we will primarily examine how mode distortion affects the
TMI coefficient and its implications for the TMI threshold. Since both bending-induced
mode loss and mode distortion impact the TMI effect, we employ the semi-analytic model
proposed by Hansen to isolate the effects of mode distortion due to bending. In this model,
mode loss is not incorporated into the mode coupling equations, allowing us to focus on the
pure impact of bending-induced mode distortion on the TMI; the equations are expressed
as [6,7]

dPn

5 = —x1(Aw)g(z)P11Po1 +T18(2) P, (2a)
o = X2(Aw)g(z)P11Por +T2g(z) P11, (2b)

where Aw = w1 — w; is the frequency shift between LPy; and LP11. The TMI coefficient x

is given by [6]
2

nk As
Aw) = —Im|By (A 1-—
X12(Aw) xBa m By ( w)]( /\p>, ©)
The descriptions of the parameters used are listed in Table 1. The quantity By; is
determined by the Green’s function G(r |, 7' |, Aw) of the fiber and the normalized fiber
mode profiles ¢1(r; ) and ¢ (r, ) of the LPyp; and LP1; mode, which can be expressed by

By (Aw) = ff 1P2(Q)1P1(H)jfsd G(ro, v, Aw)py (v L) o (r' )dr 7y, (4a)

G(r,7 ,w)=G(r, —7 | ,w), (4b)

G(ry —1' ), AMw) = 2171K0<\/I1(AW)|U - 7’L|>/ (40)

where g = ipCAw/x, and Ky is the zeroth-order modified Bessel function of the second
kind. For each fiber design for which the Green’s function can be determined, the TMI
coefficient can be calculated numerically using the mode functions of the coupled two
modes and the frequency offset between them.

The schematic of the simulation process is illustrated in Figure 1. To obtain the
mode profiles of the bent fiber considering the TL effect, the initial step is to calculate
the mode profile based solely on bending. This mode profile serves as the source for
determining the thermally induced refractive index changes at a specific heat load. Utilizing
the new refractive index distribution, we can then simulate the modified mode profile
that incorporates thermal effects for a given bending radius. Subsequently, the updated
mode profile is treated as the new source to reevaluate the thermal-induced refractive
index changes with an increased heat load. By iterating this calculation process, we can
derive the mode profiles of the fiber affected by the TL effect for each specific bending
radius. The numerical simulations were performed using the full-vectorial finite element
method (FEM).
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Table 1. Physical constants of the simulated fiber.

Symbol Quantity Value
D, Core diameter 20 um, 25 um
D Cladding diameter 400 um
Ry Bending radius 2.5-10 cm, 2-10 cm
NA Numerical aperture 0.065
ne Core refractive index 1.45
Ap Pump wavelength 976 nm
As Operating wavelength 1064 nm
hy Convection coefficient of the cooling fluid 1000 W/ (m2K)
7 Thermo-optic coefficient 35 x 102 K!
K Thermal conductivity 1.4 W/(Km)
oC Product of density and specific heat capacity 1.67 x 100 J/(Km?3)
c Light speed 3 x 10 m/s
h Reduced Planck constant 6.63 x 10734/ (2m)
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|
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As the heat source«---- - Pmrmrbisisisimmmmo
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i New mode profiles i
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Figure 1. The outline of the simulation process.

We begin by investigating the bending characteristics of the LMA step-index fiber to
determine its refractive index distribution under bending conditions. To achieve this, we
transform the bent fiber into an equivalent straight fiber using conformal mapping and
coordinate transformation, as suggested in [10]:

X X
() = 1) el ) )1+ )< R )

where n,(x,y) is the equivalent refractive index profile of the straight fiber under the
bending condition; n(x,y) is the refractive index distribution of the straight fiber; and
Reffis the effective bending radius. For silica fiber, R.rr = 1.28R. Thus, the modified
refractive index for various bending radii can be obtained, allowing us to determine the
corresponding mode profile distribution. The bending loss can then be calculated based on
the imaginary part of the effective index n,5¢ [14].

2a[dB/m] = ln?;)o)zflm{neff}, (6)

The effective areas calculated from the mode field distribution at the different bending
radii are given by
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Subsequently, the mode field distribution obtained from the bent fiber is utilized to
study the thermally induced variations in the refractive index. The heat generated during
the amplification process leads to a thermal distribution within the fiber, which is crucial
for understanding the changes in the refractive index resulting from the thermal-optic
effect: p = dn/dT, where B is the thermal-optic coefficient. To simplify the analysis, we
assume that heat deposition within the fiber is uniform and occurs solely in the doped
core region. The cladding region is considered to possess the same thermal properties
as the core. For this analysis, we will neglect the coating region. By solving the heat
diffusion equation under steady-state conditions, we can derive the expressions for the
thermal distribution T(r) in both the core and cladding regions. Combined with the
proportional relationship between the refractive index variation and temperature variation
given by Ang(r) = B(T(r) — Tc), where T, is the coolant temperature, the refractive index
distribution under different heat load can be expressed as [1,14]

)

ncoﬂ%[w + %ln(g)},o <r<a
nr(q,r) = " : ) , 8
Nl +ﬁ{%ln<%)},a <r<b

where the heat power density g, = Q/ma?, and Q denotes the heat load along with the
fiber. a and b are the core and cladding radii; n., and 7. are the refractive index of core
and cladding; ks; stands for the thermal conductivity of silica; and , is the convective
coefficient. The refractive index distribution of the fiber under increased heat load at a
specific bending radius can then be calculated after conformal mapping and coordinate
transformation as in Equation (5):

(o 8520 4 (1) 1+ 0
nr(q,x) = O

(ncz +ﬁ{”72’}5 ln(%)])(H R;)asx<b

This allows for the determination of the corresponding mode profiles. By varying the
bending radius, the mode profiles of the fiber affected by the thermal loading (TL) effect
can be similarly obtained for each defined radius.

Using the mode field distributions of the bent fiber under the TL effect, the TMI
(threshold for modal instability) coefficient can be calculated based on the previously
provided expression, enabling the determination of the TMI threshold. In this analysis, we
consider both quantum noise and intensity noise as the initial sources for the TMI process.
For the quantum noise seeding (QNS), the HOM content is defined as [6]

(2-3)
2aly P(L)'0 2 Q
LA e X(rl”)<P1<L>—Po,1> : (10)

L)~
¢(L) ~ fewg @) p B

where Py; and P; (L) are the input power and the output power at the fiber length of L, and
hwy is a defined equivalent input power spectral density (PSD) of the quantum noise. I'y
and I'; are the overlap integrals of FM and HOM. (), is the frequency of the maximum y,
and x” is the second deviation value of y with respect to (2. With the given threshold HOM
content of &, = 0.05, the quantum noise-seeded TMI threshold power P; (L) = Py, can be
solved correspondingly. For the case that the TMI is seeded by intensity noise, that is, in
the situation that a small amount of signal exists in the LP1; mode due to the unperfect
mode matching of signal light in the fiber, the fraction of HOM is given by [6]
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1 21Ty x(Qp)
1+ ZRN(QP) B (D) ()] exp( T Pl(L))l, (11)

where the ¢(0) is the assumed initial HOM content and Ry (Q),) is the relative intensity
noise (RIN) of the input signal.

3. Results

Based on the model outlined in Section 2, a numerical simulation has been conducted
on conventional LMA step-index fibers with diameters of 20/400 um and 25/400 um,
which are commonly utilized in HPFL systems. The simulation focuses exclusively on
the LPy; and LP1; modes, as the LPy; mode typically carries the highest power, while the
interaction between the LPy; and LP;; modes exhibits the strongest coupling related to the
TMI effect. The physical constants used in the calculations are detailed in Table 1.

The simulated refractive index profiles for both the straight fiber and the bent fiber
(with a bending radius of 10 cm) under various heat loads are presented in Figure 2. It
is observed that prior to applying the heat loads, the refractive index distribution of the
bent fiber is tilted, increasing in the direction away from the bend. This bending-induced
change in the index results in a shift in the mode outward from the core region and a
concomitant reduction in the mode area. Upon the application of heat loads, the refractive
index of both fibers rises with increasing thermal input; notably, the increment in the core
region is greater than that in the cladding region. This differential increase enhances mode
confinement, and the thermally induced variation in refractive index further reduces the
size of the mode guided within the fiber. Figure 3 presents the corresponding simulated
mode cross-sections of the LP01 mode and both orientations of the LP11 mode in straight
fiber, bent fiber (with a bending radius of 10 cm), and thermally loaded bent fiber (with
a heat load of 150 W/m @ 10 cm bending radius). As expected from the refractive index
distribution, the mode field distributions of both LP01 and LP11 modes in the bent fiber are
distorted and shift away from the core center. The two orientations of the LP11 mode lose
the rotational symmetry observed in the straight fiber. When the thermal load is applied to
the bent fiber, the mode profiles further shrink.

1.454 1.454
£ No bending g 10cm bending radius
£ 1.453 £ 1.453 T
= = i
g= i= : - ]
2 1.452 21452 Vot P
= = | -
= 1.451 PPy = 1.451 -
= r =
2 145 2 145 -
b>1 —— Heat load=0W/m ° e —— Heat load=0W/m
é 1.449 - - - Heat load=50W/m g 1.449[ -~ s - - - Heat load=50W/m
é Heat load=100W/m é Heat load=100W/m

- - --Heat load=150W/i -- =
1.448 eat loa m 1.448 Heat load=150W/m
-40 -20 20 40 -40 =20 20 40

0 0
r(pm) r (pm)

Figure 2. Refractive index profiles of the straight fiber and the bent fiber with a 10cm bending radius
under various heat loads; the fiber core size is 20 um.

In the following analysis of the TMI effect influenced by the combined impacts of
thermal loading (TL) and bending-induced mode distortion, we first evaluate the evolution
of mode loss in the fiber under various bending radii. This evaluation aims to identify an
appropriate bending radius for further analysis of the thermal combined effect. Typically,
the bending radius is selected to ensure that the fiber operates effectively in single-mode
conditions, where the mode loss for LP(; remains minimal, thereby preserving the output
power. This requires that the mode loss criteria be met, specifically that the loss of LPy; is
less than 0.1 dB/m, while the loss of HOMs should exceed 10 dB/m. However, achieving
this criterion is often challenging in practical systems. In our simulation, we established
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more feasible limits for mode loss, setting the upper and lower bounds for LPy; and LP1;
modes at 0.1 dB/m and 1 dB/m, respectively, resulting in a differential loss ratio of 10. This
approach simplifies the satisfaction of the mode loss conditions. Furthermore, we focus
exclusively on the least lossy orientation of the LP1; mode, as this configuration yields the
lowest TMI threshold.
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Figure 3. Simulated mode field distribution of LPy; and LP;; modes (a—c) in the straight fiber, (d—f)
in the bent fiber, and (g—i) in the thermally loaded bent fiber.

In Figure 4, we present the mode loss variation for the LPy; (red dashed line in the
corresponding red coordinate axes) and LP1; modes (solid red line) as a function of bending
radius. Consistent with previous research [10], the LP1; mode experiences significantly
higher bending loss compared to the LPy; mode. This characteristic allows for the effective
stripping of the LP;; mode, thereby retaining the dominant LPy; mode by selecting an
appropriate bending radius. For a fiber with a 20 pm core diameter, the bending loss of the
LP11 mode is below 1 dB/m when the bending radius exceeds 4.8 cm, while the bending
loss of the LPy; mode surpasses 0.1 dB/m when the bending radius falls below 3 cm. In the
case of a fiber with a 25 pm core diameter, the LP;; bending loss remains under 1 dB/m
for bending radii greater than 3.3 cm, whereas the LP(; loss exceeds 0.1 dB/m when the
radius is less than 2.8 cm. Consequently, the optimal bending radii for the 20/400 um fiber
and the 25/400 pm fiber are 4.5 cm and 3.25 cm, respectively, where the corresponding
bending losses at these specific radii are 3 x 10~* dB/m (LPg;) and 1.8 dB/m (LPy;) for the
first fiber and 3.3 x 1072 dB/m (LPy;) and 1.8 dB/m (LP;;) for the second fiber. The mode
loss evolution of the LP1; mode as a function of heat load at this specific bending radius
for both fibers is also illustrated with the blue line on the corresponding blue coordinate
axes. It is observed that the mode losses of the LP;; mode in both fibers decrease with the
increasing heat load. For the 20/400 pum fiber, the LP1; mode loss drops below 1 dB/m
when the heat load exceeds 21 W/m (approximately 253 W of absorbed pump power).
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Similarly, for the 25/400 pum fiber, the LP1; mode loss falls below 1 dB/m when the heat
load exceeds 31 W/m (approximately 373 W of absorbed pump power). This finding
indicates that the mode loss criteria necessary for stripping higher-order modes (HOMs) in
the fiber may no longer be satisfied when the heat load on the bent fiber increases beyond a
certain threshold.

20/400 Bending radius /cm 25/400 Bending radius /cm
10 8 6 4 s 10 8 6 4
—LP11/4.5 cm bending radius ) 2 Pl1B25em bending radius 15
--~LP01 ---LP01
—LpP11 —LP11
gl wg £ e
Q4 g 9 2
= e T 2
3 1 Q 3 1 Q
.. :
~ ;J —
= 0.5 E 05 g
0 g 0 i g
0 50 100 150 200 0 50 100 150 200
Heat load W/m Heat load W/m

Figure 4. Mode loss evolution of LPy; and LP;; modes as a function of bending radius (red line with
red axes, as the red arrows indicated) and mode loss evolution of LP1; mode as the function of heat
load under specific bending radius (blue line with blue axes, as the blue arrows indicated) of fiber

with a 20 pm core size and a 25 pm core size, respectively.

Figure 5 illustrates the evolution of the effective area of the LP01 mode as a function
of bending radius (red line on the red axes) and the effective area in response to heat load
at each fiber’s specific bending radius (blue line on the blue axes). As the bending radius
decreases, the effective area diminishes due to changes in the refractive index. Moreover,
under specific bending radii, the effective area of the LP01 mode contracts linearly with
increased heat load. For the 20/400 um fiber, at a bending radius of 4.5 cm and a heat load
of 21 W/m, the effective area decreases by approximately 4.3% compared to that in the
undisturbed state. In the case of the 25/400 um fiber, at a bending radius of 3.25 cm and a
heat load of 31 W/m, the effective area shrinks by about 16.7% relative to its original value.
Notably, the effective area reduction is more pronounced in the larger-core-size fiber when
both fibers are subjected to the same bending and heat-loading conditions.

20/400 Bending radius /(ém 25/400 Bending radius /cm
4 6 10 4 6 8 10
NE 240 ’ ' 250 HNE 300 i 1360 -
L :‘ Yy
3 <3 e
= 45 S o 3402
S 235 g 5230 =
< » < 320 5
8 240 2 S 2
£ 230 g g2 8
> 300 3>
225 1235 & £ 260 &
S LPO1 58 Lot 280%
=220/ i - 230 w3 _ ; ; o
= LP01/4.5 cm bending radius = 240 LP01 /3.25 em bending radius
0 50 100 150 200 0 50 100 150 200
Heat load W/m Heat load W/m

Figure 5. Effective area evolution as a function of bending radius (red line with red axes, as the red
arrows indicated) and effective area evolution as the function of heat load under specific bending
radius (blue line with blue axes, as the blue arrows indicated) of the LPy; mode in fibers with a 20 um

core size and a 25 pm core size, respectively.

By analyzing the simulated mode field distributions under various bending radii and
heat loads at a specific bending radius, we can derive the TMI coefficient. As illustrated
in Figure 4, the bending losses for the LP1; mode are minimal when the bending radius
exceeds 8 cm for both types of fiber, making it reasonable to assume that the fibers are in a
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relaxed state. In Figure 6, we compare the TMI coefficients for LPy;-LP11 coupling of the
fiber in this relaxed state against their respective TMI coefficients at specific bending radii
without any heat load, as well as those under a heat load of 200 W/m (specifically, 4.5 cm
for the 20/400 um fiber and 3.25 cm for the 25/400 um fiber). It is observed that, in the
absence of heat load, the TMI coefficient decreases as the bending radius approaches the
specified radius for each fiber. When each fiber is bent to its specific bending radius, the
TMI coefficient experiences a slight increase as the heat load rises to 200 W/m. To further
investigate the trend of TMI coefficient variations, we plot the peak TMI coefficient as a
function of bending radius (represented by the red line on the red coordinate axes) and the
peak TMI coefficient as a function of heat load in the bent fibers (illustrated by the blue line
on the blue coordinate axes) in Figure 7. It is evident that there is a significant decrease in
the peak TMI coefficient with a tighter bending radius when the radius is less than 4 cm.
For the 20/400 fiber, the peak TMI coefficient decreases by approximately 3.7% when the
bending radius tightens from 10 cm to 4.5 cm, while the 25/400 fiber shows a reduction of
about 4.2% in the peak TMI coefficient when the bending radius is reduced from 10 cm to
3 cm. As the heat load increases to 200 W/m, the peak TMI coefficient exhibits differing
trends in the two fiber types: there is a 1.24% increase in the 20/400 fiber and a 1.48%
decrease in the 25/400 fiber. Overall, the influence of the tightening bending radius on the
TMI coefficient is more pronounced than the effect of the thermal load on the bent fibers.

20/400 25/400
0.15 0.15¢ ‘ , ,
z A\ z
Il ¥ \{ X 01
= V=
%) \ =] |
;§ \ ‘§ |
S g
S 0.05 ¢ $0.05_—
[ —Rb=10 cm Q=0 W/m = —Rb=10 cm Q=0 W/m
E ——Rb=4.5 cm Q=0 W/m E —— Rb=3.25 cm Q=0 W/m
o Rb=45cm Q=200 Wim o Rb=325emQ=200Wm
50 40 30 20 -10 0 50 40 30 20 -10 0
Af /kHz Af /kHz

Figure 6. TMI coefficient x for LP01-LP11 coupling as a function of the frequency shift for varying
bending radii with no heat load and varying heat load without bending of two fibers.
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g g2 =
=
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50.1285 012573 =

g =5

) e 201335}

= S =

5 0.128¢ . 012 & 5

= < - e —
>4 e <@ 0.133 g
[ '_b" |

= | = = o
& 01275 /——ypo1-Lp11 01152 & 1325 —LPOL-LPLI =
c&“ —LP01-LP11 / Rb=4.5 cm g g —LP01-LP11 / Rb=3.25¢m . 2

(A -
A 0.127" : 011 LA 0.132! 20.128

50 100 150 200 0 50 100 150 200
Heat load W/m Heat load W/m

Figure 7. The peak TMI coefficient x for LP01-LP11 coupling as a function of bending radius for
the two fibers (red line with red axes, as the red arrows indicated) and peak TMI coefficient x for
LP01-LP11 coupling as a function of heat load under the specific bending radius for each fiber (blue
line with blue axes, as the blue arrows indicated).

Finally, we calculated the TMI threshold for two fibers under the same conditions
established in the TMI coefficient analysis. This analysis focuses exclusively on the pure
impact of mode distortion on the TMI threshold, without accounting for mode loss. The
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threshold for the higher-order mode (HOM) content was set to 0.05. We analyzed both
cases in which TMI was seeded by quantum noise (QNS) and intensity noise (INS). For all
cases, the input power was maintained at 1 W, with an initial HOM content and a relative
intensity noise (RIN) of 10~ 1% Hz~! for the case of signal intensity noise seeding. The output
HOM content as a function of output power for both QNS and INS is depicted in Figure 8.
The results indicate that tighter bending of the fibers leads to a higher TMI threshold for
both QNS and INS. For the 20/400 um fiber, when the bending radius was reduced from
10 cm to 4.5 cm, the TMI threshold increased from 223 W to 226 W for QNS and from
116 W to 118 W for INS. For the 25/400 pum fiber, when the bending radius decreased from
10 cm to 3.25 cm, the TMI threshold increased from 213 W to 216 W for QNS and from
112 W to 114 W for INS. Under bending conditions, with a 4.5 cm bending radius for the
20/400 um fiber and a 3.25 cm bending radius for the 25/400 um fiber, an increase in heat
load to 200 W/m resulted in a decline in the TMI threshold for the 20/400 um fiber, which
dropped from 226 W to 223 W for QNS and from 118 W to 117 W for INS. In contrast, for
the 25/400 pm fiber, the TMI threshold changed slightly, from 216 W to 217 W, for QNS
while remaining unchanged for INS. These observations indicate that bending-induced
mode distortion can lead to a slight improvement in the TMI threshold; when combined
with the TL effect, this slight improvement will then be weakened. In comparison with
the impact of mode loss on the TMI threshold, the effects caused by mode distortion from
bending and TL in bent fibers are minor.

20/400 0.05 25/400

—Rb=3.25Q=0(QNS) |
Rb=3.25 Q=200(QNS)|
Rb=10 Q=0 (QNS)

0.04 —_Rp=3.25Q=0 (INS)

0.05 pp-as Q=0 (QNS)

Rb=4.5 Q=200 (QNS)
Rb=10 Q=0 (QNS)
0.04 - Rp=4.5 Q=0 (INS)

w Rb=4.5 Q=200 (INS) ekl —Rb=3.25 Q=200 (INS)

= Rb=10 Q=0 (INS) b= Rb=10 Q=0 (INS)

£0.03 ]

= =

=} =3

[>] 5]

2 0.02 - =

=) =

== =

0.01 /
0 ‘ ‘ ‘ A ] 0 R |
0 50 100 150 200 250 0 50 100 150 200 250
P/W P/W

Figure 8. The output HOM content as a function of output power for intensity noise seeding (INS) and
quantum noise seeding (QNS) under varying bending radii and varying heat loads for 20/400 pm
fiber and 25/400 um fiber.

4. Conclusions

In summary, we conducted a numerical analysis of the influence of the TMI effect,
focusing on the mode distortion caused by bending and the combined effects of bending
and TL in 20/400 and 25/400 LMA step-index fibers. The bending radii for the two fibers
were selected to ensure that the fibers operated effectively in single-mode conditions. The
simulation results indicated that increased thermal load on the bent fiber can actually
reduce bending loss. Moreover, mode distortion induced by bending can alter the TMI
coefficient, whereby tighter bends are associated with a lower peak TMI coefficient and a
slightly elevated TMI threshold. Notably, the mode distortion caused by TL in the bent fiber
did not have a significant impact on the TMI coefficient, and the TMI threshold remained
relatively insensitive to the TL effects in the bent fibers at the selected bending radii and
the given maximum thermal load applied to both fiber types.
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