
Optical Fiber Technology 70 (2022) 102857

Available online 14 March 2022
1068-5200/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Regular Articles 

Thermo-optical numerical modal analysis of multicore fibers for high 
power lasers and amplifiers 

Lorenzo Rosa a,b, Seyyedhossein Mckee c, Federica Poli c, Annamaria Cucinotta c, 
Luca Vincetti a,* 

a Department of Engineering“Enzo Ferrari”, University of Modena and Reggio Emilia, Modena 41125, Italy 
b Applied Plasmonics Lab, CMP, Swinburne University of Technology, Hawthorn, VIC 3122, Australia 
c Department of Engineering and Architecture, University of Parma, Parma 43124, Italy   

A R T I C L E  I N F O   

Keywords: 
Optical fibers 
Multicore fibers 
Fiber lasers and amplifiers 
Coupled mode theory 
Finite-element method 
Thermal effects 

A B S T R A C T   

Lasers for modern industrial and research applications are required to provide a high average beam power and at 
the same time be reliable, efficient, and compact. Rare-earth doped single-mode fiber lasers are the most 
promising solution. Large mode area fibers are effectively used to reduce nonlinear effects and scaling up the 
beam power which is now bounded by thermal effects. A new cutting-edge approach to the issue involves the use 
of Multi-Core Fibers (MCFs), coherently combining several lower power beams into a higher power one, and thus 
pushing the threshold of nonlinearities and transverse mode instabilities to higher power. The amplification 
process involves heat generation in the doped cores due to quantum defect, which propagates radially and 
creates a temperature gradient across the fiber cross-section. Even though the cores are optically uncoupled, the 
refractive index gradient due to thermo-optical effects could cause cross-talk and core mode coupling. In this 
work, we numerically analyze the performances of 9-core MCFs for high power fiber lasers by taking into account 
the coupling and bending effects due to the heat load generated by the quantum defect between pump and laser 
radiation. MCFs show very low sensitivity to heat load and bending, with effectively single-mode behaviour up to 
15 μm core diameter (effective area 181 μm2) and down to 35 μm pitch.   

1. Introduction 

Fiber-based lasers and amplifiers have come to be increasingly at the 
center of attention due to their unique characteristics of high average 
power along with high efficiency, compactness, and reliability, leading 
to a rapid expansion in industrial applications [1,2]. Over the last 20 
years, the output average power of fiber laser and amplifier systems 
(both continuous wave and pulsed) has experienced an exponential 
growth [3]. In the classical approaches the nonlinear effects caused by 
high intensity levels are mitigated by trying to increase as much as 
possible the fiber mode area. However, large mode area fibers (LMAFs) 
are affected by the damaging feature of thermal effects, which limit the 
power scaling of rare-earth doped single-mode fiber lasers. In addition, 
when LMAFs are bent or coiled, the fundamental mode is squeezed to
wards the outside of the bend and its effective area is dramatically 
reduced, scaling back the advantages of LMAFs. 

Multi-core fibers (MCFs) are optical fibers having multiple cores 
inside the cladding region and can be used to improve the threshold 

limit of nonlinearities and transverse mode instability [4–9], by 
combining several lower power beams coherently to obtain a single 
higher power one. However, the heat load on the doped cores, origi
nated by the quantum defect in the amplification process, generates a 
heat flux flowing from a core through the adjacent ones. This creates a 
temperature gradient, which induces a refractive index variation 
following the temperature profile, giving the possibility for thermal 
cross-talk and leading to possible unwanted coupling between cores, 
which could affect beam generation and amplification by making spe
cific modes belonging to different cores become degenerate, forming 
supermodes [10]. 

In this work, the modal properties, in terms of core coupling, effec
tive area, and effective monomodality, of Yb3+-doped MCFs for high 
power applications are thoroughly numerically investigated by 
combining thermal and optical models, in a novel evolution of earlier 
more basic approaches on multi-core fibers [11]. The finite-element 
method (FEM) is employed to implement and integrate such models, 
as it has been successfully done to study mode power evolution and gain 
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competition [12]. MCFs show remarkable robustness to heat load and 
bending; thus, they can properly and effectively work both in rod and 
coiled configurations. According to the results here showed, a 9-core 
MCF with cores having numerical aperture (NA) of 0.06 shows effec
tively single-mode behaviour up to 15 μm core diameter (effective area 
181 μm2 per core) and core decoupling with pitch as low as 35 μm, 
resulting in a total occupied area of 85× 85 μm2. 

2. Numerical model 

In the study we consider a MCF with nine Yb3+ doped silica cores of 
diameter d between 12 and 19 μm, placed in an equally-spaced 3x3 
square grid inside a silica cladding. The geometry is shown in Fig. 1, 
where the core refractive index is nco = 1.45 and the inner-cladding 
refractive index is ncl = 1.4487, for a numerical aperture NA of 0.06, 
while the center-to-center core distance or pitch Λ is variable between 
25 and 55 μm. The silica inner cladding has diameter Di = 420 μm and 
the outer cladding Do = 600 μm. The refractive index is lowered to 
next = 1.37 in the outer cladding to increase pump field confinement. All 
these parameters are compatible with today’s state of the art in MCFs [5] 
and while core diameters larger than 20 μm are possible, they entail a 
dramatic reduction of the numerical aperture in order to keep the index 
contrast within practical limits [9], so they were not considered here. 
The fiber was simulated at the typical wavelength of λ = 1032 nm for 
the activity of the Yb3+ doping ions, which for amplification purposes 
usually have concentrations around 5⋅1025 ions/m3 [9]. We apply to 
each core an equal heat load q, as a source for the thermal simulation 
that outputs the temperature profile from which the refractive index 
profile is calculated. In the amplification process, this heat load is given 
by the quantum defect due to the wavelength difference between pump 
and signal photons [13]. Mode electric field distributions of a cold MCF 
with Λ = 55 μm and d = 15 μm are shown in Fig. 2. The V-number of the 
single core at λ = 1032 nm is 2.80. Each core of the MCF supports the 
Fundamental Mode (FM) LP01 and the Higher-Order Modes (HOMs) LPt

11 
and LPn

11, identified by having the zero intensity line tangential and 
normal to the reference plane (here assumed to be the (x, z) one), 
respectively. 

For the thermal simulations of the fiber, the external temperature 
was 25 ◦C, the silica thermal conductivity was 1.38 W/(m⋅K), the outer 
cladding thermal conductivity was 0.135 W/(m⋅K), and the convective 
heat transfer coefficient was 80 W/(m2⋅K) at the outer physical bound
ary, which corresponds to a typical value for forced-air convection. 

Fig. 1. Geometry of the 9-core MCF and nomenclature of the doped cores by 
family (a, b, and c) for the analysis. 

Fig. 2. Mode field distributions of a cold 9-core MCF with Λ = 55 μm and d = 15 μm.  
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Fig. 3 shows the temperature profile for a heat load q = 5 W/m, for pitch 
values Λ of 25 μm and 55 μm. This results in a maximum temperature 
Tmax in the center of the fiber cross-section, due to the combined heating 
effect of the neighboring cores, slightly increasing as the pitch is reduced 
and thus heat generation is concentrated. Tmax increases linearly with 
the value of the total heat load q, as shown in the inset of Fig. 3, with a 
negligible dependence on the pitch. The analysis has been carried out by 
using the “COMSOL Multiphysics” commercial software package, which 
features specific numerical solvers aimed at various physics and engi
neering applications. 

The effect of the thermal profile on the silica refractive index is taken 
into account through the thermo-optic effect model, where the material 
refractive index is modified by the thermally-induced index shift: 

n(x, y, q) = n0(x, y)+ β[T(x, y, q) − T0] (1)  

where β = 1.16⋅10− 5 K− 1 is the silica thermo-optic coefficient, T(x, y, q)
is the temperature profile calculated from the thermal simulation, and 
T0 is the reference temperature at which the cold-fiber refractive index 
distribution n0(x, y) is given. The fiber refractive index is thus a function 
of both position and heat load q. From the temperature profile in Fig. 3 it 
can be observed that in the center core, where there is a concentration of 
the heat flux, the silica will undergo the greatest increase in the 

refractive index, and thus its FM will have the highest value of effective 
mode index, with respect to the side and corner core FMs effective 
indices. One of the main consequences of this is the breaking of the 
symmetry between cores, and thus the degeneration of the core FMs of 
the cold fiber is also broken. 

The model takes into account the ideal cross-section of the fiber, 
without introducing geometrical imperfections or refractive index 
fluctuations as may be found in fabricated fibers. Such effects are either 
due to the tolerances inherent in the drawing process, or an index skew 
may be intentionally introduced between cores to reduce spurious 
coupling. The latter is done to exploit its property of impairing phase 
matching and thus core coupling. However, in the case of a model based 
on mode coupling, working on the ideal fiber actually corresponds to the 
worst case scenario of this particular problem. 

The effects of fiber bending have been taken into account by using 
the conformal mapping technique, already successfully applied to take 
into account the bending effects in erbium doped fiber amplifiers [14]. 
By assuming to bend the fiber in the plane defined by the unit vectors n̂ 
and ̂z, with n̂ the unit vector normal to the bend direction and ̂z the unit 
vector parallel to the fiber axis, the equivalent refractive index profile to 
be applied to the straight fiber geometry is given by 

neq
(
x, y, q

)
= n
(
x, y, q

)
er⋅̂n/Rb (2)  

where Rb is the bending radius, r the position vector, and n(x, y, q) the 
fiber cross section refractive index modified by the temperature profile 
according to Eq. 1. 

3. Optical coupling analysis 

Optical decoupling between cores is key to optimal high-power MCF 
operation. We employ coupled mode theory analysis derived from two- 
core directional couplers [15]. We perform this analysis considering the 
absolute values of quantities like pitch and core diameter, considering 
value ranges for each quantity compatible with the limits (for example, 
on NA) given by the current technological processes. 

Core-to-core coupling is evaluated in the case where one core is 
excited at a time, by calculating the maximum coupled power fraction 
(MCPF) between two modes indicated as i and j over a practical length L 
(1 m for rod MCFs and 10 m for coiled MCFs) as 

Pi,j = max
{

Pi,j
(
z
)}

for 0⩽z⩽L (3)  

where 

Pi,j

(

z

)

= 4
(⃒⃒ki,j

⃒
⃒

Si,j

)2

sin2Si,jz
2

(4) 

Fig. 3. Thermal profile across the 9-core multicore fiber for d = 15 μm and q =

5 W/m, along the x-axis (solid lines) and along the diagonal (dotted lines) for 
Λ = 25 μm (black) and Λ = 55 μm (blue). In the insets, isothermal contours for 
q = 5 W/m and Λ = 55 μm (top left), and peak temperature Tmax at the fiber 
center versus the total heat load (center). 

Fig. 4. Normalized coupled power evolution vs. fiber length for (left) mismatch coefficient δi,j = 2 m− 1 and L = 1 m length, and (right) no mismatch and L = 10 m 
length. The dashed red lines indicate the maximum coupled power fraction over length L for different values of ki,j. 
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is the normalized coupled power as a function of fiber length, with 

Si,j = 2

⃒̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
⃒
⃒
⃒ki,j|

2
+
(δi,j

2

)2
√

. (5) 

This is defined as a function of the mismatch coefficient 

δi,j =
2πΔneff ,ij

λ
(6)  

and of the coupling coefficient 

ki,j =
π
λ

1
2η0

∫∫

Sd,i

(

n2
co,i − n2

cl

)

Et,i⋅Et,jdS
̅̅̅̅̅̅̅̅̅
PiPj

√ . (7) 

In the previous formulas, Δneff ,ij is the effective index difference be
tween modes i and j, η0 is the intrinsic impedance of free space, Sd,i is the 
active doped area of core i, S is the total fiber area, Et,i and Et,j are the 
transverse E-field components of modes i and j, and Pi, Pj are the total 
powers of modes i and j, respectively. For nonzero heating and bending, 
nco,i and ncl become functions of heat load q and position (x, y) according 
to Eqs. 1 and 2. Also, Et,i and Et,j can be affected by thermal lensing and 
squeezing due to bending, and so they are functions of q and bending 
radius Rb. 

Fig. 5. Maximum power fraction coupled between FMs in different core families, in the first 1 m (dashed lines) and 10 m (solid lines) of propagation, for core 
diameter d = 15 μm and pitch Λ between 25 and 55 μm. 

Fig. 6. Mismatch coefficient δi,j (solid lines) and coupling coefficient ki,j (dashed lines) for core diameter d = 15 μm and pitch Λ = 25 μm and 55 μm.  
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The relationship between coupling coefficient ki,j, mismatch coeffi
cient δi,j, and fiber length L is shown in Fig. 4. A nonzero value of δi,j 

limits the maximum power transfer between modes i and j below unity, 
however the figure shows that this can only be reached if ki,j is high 
enough that such maximum is reached within the length of the fiber. 
Otherwise, power transfer will be limited to the value reached at the end 
of the fiber, which can be significantly lower than the maximum. 

Geometrical and heat flow symmetries identify three different 
straight-fiber core families (a, b, and c) shown in Fig. 1, having a set 
radial distance from center. Fig. 5 shows the MCPF between FMs in 
different core families versus the heat load q for different pitches. For 
pitch of 45 μm or less, we have cold-fiber coupling, but a 1 W/m heat 
load is enough to cause uncoupling (i.e. a power fraction transferred 
within 10 m of 1% or less) down to 35 μm pitch. There was no difference 
between 1 m and 10 m lengths except for cold fiber, where coupling is 
minimal. 

For better understanding of the reasons for the MCPF variations, we 
compare the mismatch coefficients with the coupling coefficients for 25 
μm and 55 μm pitch, and heat loads from 0 to 11 W/m. Results are 
shown in Fig. 6. The phase mismatch increases with q, with slope 
dependent on core-to-core distance because of the temperature profile 
and independent of pitch. On the contrary, the ki,j show a negligible 
dependence on heat load and, as expected, a stronger dependence on 
pitch. So, the MCPF dependence on heat load is only due to δi,j. Its value 
is negligible if either ki,j≪δi,j or ki,j≪π/L. For the lowest Λ = 25 μm, kb,c 

is not negligible with respect to either δi,j or π/L, so the improvement 
related with the δi,j increment is marginal. In this case, a mismatch co
efficient greater than 103 m− 1 would be required. This condition can be 
quite easily obtained in real fibers due to fabrication tolerances, how
ever, as will be shown in Section V, the single-mode condition defines a 
lower bound for Λ. 

Similarly, according to Eq. 2 bending can impair phase matching, as 
shown in Fig. 7 where δi,j are plotted versus the bending radius Rb for 
two pitches (25 μm and 55 μm), heat loads (1 W/m and 11 W/m), and 
bending planes (n̂ = x̂ and n̂ = 1/

̅̅̅
2

√
(x̂ − ŷ)). The notches are due to 

phase matching when thermal and bending effects cancel out, however 
they occur at larger than practical radii, and not in straight (i.e. rod) 
fibers. For x-axis bending, δb,c is constant with Rb because of the same 

Fig. 7. Coupling coefficient ki,j (dotted lines) and mismatch coefficient δi,j for x-axis bending (n̂ = x̂, solid lines) and diagonal bending (n̂ = 1/
̅̅̅
2

√
(x̂ − ŷ), dashed 

lines), for core diameter d = 15 μm, pitch Λ = 25 μm and 55 μm (left and right columns), and heat load q = 1 W/m and q = 11 W/m (top and bottom rows) for 
different values of the bending radius Rb. 

Fig. 8. Effective area of a single core in the 9-core MCF as a function of heat 
load q, for core diameter d = 12 μm (lower curves) and d = 15 μm (upper 
curves), and pitch Λ = 35 μm. The curves are given for the straight fiber (solid 
lines) and for the bent fiber with bending radius Rb = 25 cm (dashed lines) and 
Rb = 15 cm (dotted lines). 
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index change on cores b and c. For diagonal bending, core pair (a, c1) is 
not affected, though having higher mismatch than (b, c) due to higher 
distance. Dependence of ki,j on bending radius and plane is also very 
weak, therefore Fig. 7 reports just one set of curves; FM coupling is 
confirmed to be dominated by phase matching. In summary, there is 
always a core pair that cannot be improved by bending due to constant 
refractive index difference for varying Rb, and this sets the limit: the 
worst case is the (b, c) pair for x-axis bending. 

4. Effective area 

In high power applications, the effective area Aeff is an important 
figure of merit, since it permits to reduce fiber damage and nonlinear 
effects. In LMAFs, Aeff is strongly affected by thermal effects due to 
thermal lensing, and also by bending, which causes the guided field to be 
squeezed towards the outside of the bent fiber [16]. 

In order to analyze thermal and bending effects in MCFs, we calcu
lated the FM effective area of each core i as 

Aeff ,i =

(
∫∫

S

⃒
⃒Ei|

2dS
)2

∫∫

S

⃒
⃒Ei|

4dS
(8)  

for different core diameters, heat loads, and bending radii. Due to the 
envisioned lack of core coupling, we performed three single-core sim
ulations (a, b, and c) to calculate the total effective area Aeff . We 
compared the straight fiber case with the bent fiber for bending radii of 
15 and 25 cm, as a function of heat load q. We considered the fibers with 
core diameters d = 12 μm (Aeff = 148 μm2) and d = 15 μm (Aeff = 181 
μm2). 

As shown in Fig. 8, the effective area only slightly decreases for 
increasing heat load from 0 to 10 W/m, by 0.9% for the 12 μm core fiber 
and by 0.6% for the 15 μm core one. Bending the fiber up to a radius 
Rb = 15 cm has an even smaller effect on the effective area, varying by 
0.3% for the 12 μm core fiber and by 0.05% for the 15 μm core one, 
showing negligible FM squeezing. Core b and core c are almost 

Fig. 9. Modal overlap ΓFM (black curves) and overlap difference ΔΓ (blue curves), for a 9-core MCF with pitch Λ = 55 μm and core diameter d variable between 12 
and 16 μm. The region where ΓFM > 0.8 is depicted by the white area, while the region where ΔΓ < 0.3 is depicted by the blue area. 
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Fig. 10. Modal overlap ΓFM (black curves) and overlap difference ΔΓ (blue curves), for a 9-core MCF with core diameter d = 14 μm (left column) and d = 15 μm 
(right column), and pitch Λ variable between 25 and 55 μm (from top to bottom). The region where ΓFM > 0.8 is depicted by the white area, while the region where 
ΔΓ < 0.3 is depicted by the blue area. 
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indistinguishable from each other with respect to this behaviour. The 
effective area dependence from temperature and bending is higher for 
lower core diameter as in that case the V-number is reduced, giving 
lower confinement and higher sensitivity to such effects. The different 
trend of Aeff for d = 12 μm and d = 15 μm means that in the first case the 
effect of lower confinement prevails, whereas in the latter the mode 
squeezing due to bending does. 

However, such variations are very small anyway, and confirm the 
high stability of the electric field distribution for varying heat load and 
bending. Though a direct comparison between a multi-core and a single- 
core fiber is not straightforward, in the context of a multi-beam 
combining scheme, a fair assessment can be given by considering a 
single-core fiber with an area Aeq =

̅̅̅̅
N

√
⋅A, where A is the area of a single 

core and N is the number of cores in the multi-core fiber [17]. In this 
case, the area of the single-core fiber is effectively tripled, which in
creases the sensitivity of the fiber to bending and thermal lensing. 

5. Effectively single-mode condition 

After considering the effects of mode coupling in itself, and the 
effective area sensitivity, we estimated the effect of thermally-induced 
coupling on the amplification process, by considering criteria based on 
the effective monomodality of the cores. In this respect, standard LMA 

fibers suffer from changes in the electric field distribution caused by heat 
load, in particular by thermal lensing, which makes the fiber no longer 
single-mode. 

To this end, we modelled how the heat load affects the overlap in
tegral Γ of the guided modes defined as 

Γk,i =

∫∫

Sd,i

ik

⎛

⎜
⎝x, y

⎞

⎟
⎠dxdy (9)  

where Sd,i is the active doped area of core i and ik(x, y) is the normalized 
field intensity ik(x, y) = Re(pz,k/Pk) of a certain mode k, where Pk is the 
total power of the mode and pz,k is the magnitude of the longitudinal 
component of the Poynting vector, which is defined as 

pk =
1
2
Ek × H*

k (10)  

where Ek and Hk are the electric and magnetic field vectors of the mode, 
respectively. Γ gives a measure of the fraction of modal intensity which 
is confined inside the core and thus of the modal gain per unit length. 
The overlap integral difference ΔΓ = ΓFM − ΓHOM between FM and the 
HOM with the greatest overlap gives account of the different FM and 
HOMs amplification gain. According to an empirical criterion which has 
been proposed and widely accepted to define the operation of the 
amplifier as effectively single-mode, it is required for ΓFM to remain 
above 0.8, while ΔΓ should be greater than 0.3 [18,19], so that the FM 
will absorb enough of the gain reservoir and at the same time the HOMs 
will be delocalized enough from the core to prevent the HOMs them
selves from being effectively amplified. In a multicore fiber, effective 
monomodality is limited by the core that has the worst overlap integral 
difference in each of the analyzed conditions, and thus it is the one 
which is intended in the following. 

To give a detailed account of this phenomenon, the influence of two 
key design parameters as core diameter and pitch on ΔΓ when different 
q values are simultaneously applied to all cores was thoroughly inves
tigated as shown in Figs. 9 and 10. Finding the optimal combination of 
pitch and core diameter to ensure single-mode operation is one of the 
crucial steps required to set a clear direction to improve the fiber 
performance. 

Fig. 9 considers the evolution of the effectively single-mode 

Fig. 11. Modal overlap ΓFM (black curves) and minimum overlap difference ΔΓ 
(blue curves) of the HOMs LPn

11 (solid) and LPt
11 (dashed), for a 9-core MCF with 

core diameter d = 15 μm and pitch Λ = 35 μm, for bending radius Rb of 15 
(top) and 25 cm (bottom). Insets show the LPn

11 and LPt
11 modes with the lowest 

ΔΓ. The region where ΓFM > 0.8 is depicted by the white area, while the region 
where ΔΓ < 0.3 is depicted by the blue area. 

Fig. 12. Modal overlap ΓFM (black curves) and minimum overlap difference ΔΓ 
(blue curves) of the HOMs LPn

11 (solid) and LPt
11 (dashed), for a 9-core MCF with 

core diameter d = 15 μm and pitch Λ = 25 μm, for heat load q = 5 W/m and 
bending radius Rb ranging from 15 to 25 cm. Insets show the LPn

11 and LPt
11 

modes with the lowest ΔΓ. The region where ΓFM > 0.8 is depicted by the white 
area, while the region where ΔΓ < 0.3 is depicted by the blue area. 
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condition for large pitch Λ = 55 μm, where the FM overlap is little 
influenced by heat load, while up to d = 13 μm (where the single core’s 
V-number is within the monomodality range), ΓHOM is increasing with q 
due to HOMs having low guidance in the cold fiber, which increases with 
heat load. For d > 13 μm (where the single core’s V-number is in the 
multimode range), ΓFM and ΔΓ are essentially independent of heat load, 
as the modes’ confinement in the core saturates. According to the 
aforementioned criteria, the fiber remains effectively single-mode up to 
d = 15 μm, which sets the absolute effective area limit. Taking this core 
diameter as reference and studying the performance for varying pitch in 
Fig. 10, it can be seen that the pitch can be reduced down to Λ = 35 μm 
before losing effective monomodality. It is verified that, for this core 
diameter value, a high heat load does not impair the effectively single- 
mode condition. 

Reducing the core diameter in order to trade off lower effective area 
with greater compactness due to lower pitch is only partially possible. In 
fact, by repeating the same study with reduced core diameter d = 14 μm 
in Fig. 10, it can be seen that the effectively single-mode condition still 
holds down to Λ = 35 μm. In straight fibers, Λ ≃ 35 μm appears as a 

lower bound in terms of both optical coupling and effective mono
modality. By bending the fiber, the effective monomodality lower bound 
can be further reduced. Fig. 11 shows the ΓFM and ΔΓ for different 
pitches, heat loads and bending radii. The HOMs with the highest 
overlap integral are LPn

11 and LPt
11, identified by having the zero in

tensity line normal and tangential to the bending plane, respectively. 
Once more, the insensitivity of the FM E-field guarantees the stability of 
ΓFM and thus of the amplification process. Conversely, a dependence of 
the HOMs on Rb is observed. By reducing Rb, their overlaps reduce, 
improving the ΔΓ values. This dependence is different for HOMs LPn

11 
and LPt

11. Their intensity distributions are shown in the inboxes of 
Fig. 11 and, due to the orientation of the LPn

11 and LPt
11 mode field 

distributions varying continuously from a pure mode to an increasingly 
slanted one with increasing bending, we labeled the bent distributions 
according to the corresponding ones without bending. The worst case is 
always given by LPn

11, which are more localized than LPt
11 modes. Results 

in Fig. 12 show that bending can help to reach the effectively single- 
mode condition also for pitches lower than 35 μm without affecting ΓFM. 

Fig. 13. Effective index variation Δneff of FM as a function of heat load variation Δqi applied to core a (top row), b2 (middle row), and c2 (bottom row) at q0 = 1 W/m 
(left column) and q0 = 5 W/m (right column), for the cores indicated in the inset in each row. The inset shows the core where the heat load variation is applied in red 
and the cores where the effective index variation is estimated in yellow. 
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6. Thermal coupling analysis 

For the optimum fiber parameters of d = 15 μm and Λ = 35 μm 
found in the previous section, we evaluated the effect of the heat load 
variation around a set point in only one of the cores on the effective 
index of the FM in all cores. The heat load variation in a single core can 
cause thermal coupling between cores [8]. For symmetry reasons, it is 
only necessary to consider heat load applied to cores a, b2, and c2, and 
the effects need to be evaluated only in some of the cores, as depicted in 
the insets of Fig. 13. 

We considered for the set point the values of q0 = 1 W/m and 5 W/m, 
and the considered variation Δqi was up to 20%. The results shown in 
Fig. 13 reveal that for these geometrical parameters, the long-range 
effective index difference caused by heating variations in a distant 
core is not enough to give significant disparities of effect in the phasing 
of the different cores: the corresponding effective index variation Δneff is 
up to 4.7% for the FM in the worst case (heating of core c2), and this 
value remains the same even at the greater proportional heat load swing 
obtained at q0 = 1 W/m. 

7. Conclusion 

In this work, thermal and bending effects on MCFs for high power 
lasers and amplifiers have been numerically investigated in terms of 
optical and thermal coupling, effective area, and effectively single-mode 
behaviour. 

MCFs proved to be very robust to the stressing factors here consid
ered. Their properties are little affected by heat load and bending radius. 
The parameters related to the effective index, such as the coupling co
efficient, are a little bit more sensitive to the applied changes than the 
ones associated to the field distribution, such as the core overlap integral 
and the effective area. 

However, they even allow to improve the fiber performance. The 
thermal profile caused by heat load breaks the natural degeneracy of the 
FMs in the cores, which are assumed to be all identical, reducing the 
coupling of the optical cores and allowing a smaller pitch and a higher 
number of cores per unit area within the cross-section. Bending does not 
have significant effects on coupling and effective area, while it reduces 
HOM core overlap, to the benefit of effective monomodality. 

The increase of the core diameter guarantees a larger effective mode 
area, but at the same time it causes a reduction of the overlap difference 
between FM and HOM, which puts an upper bound on the core diameter, 
and thus on the achievable modal effective area. Also, pitch reduction 
tends to slightly decrease that upper bound. 

Numerical results show that effectively single-mode behaviour can 
be obtained with core diameters of 15 μm, corresponding to an effective 
area of 181 μm2 per core, with a pitch of 35 μm for straight and bent 
fibers, with a total core occupied area of 85× 85 μm2. 

The presented analysis gives useful guidelines for design and opti
mization of MCFs for high power lasers and amplifiers. The results and 
the guidelines can be easily extended to MCFs with a greater number of 
cores, such as 4 × 4 cores or more. 
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