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Abstract: Owing to the progress of dense wavelength-division multiplexing (WDM) technology using an optical-fiber 

amplifier, we can exchange large amounts of data at a rate of 100 Tbit/s class over several hundred kilometers. However, it is 

widely recognized that the maximum transmission capacity of a single strand of fiber is rapidly approaching its limit of ∼100 

Tbit/s owing to the optical power limitations imposed by the fiber fuse phenomenon and the finite transmission bandwidth 

determined by optical-fiber amplifiers. To overcome these limitations, space-division multiplexing (SDM) technologies using a 

multi-core fiber (MCF) were proposed. The fiber fuse experiments of MCFs at 1.55 µm were conducted using two types of 

MCFs: homogeneous 7-core MCF and heterogeneous 6-core MCF. The fiber fuse effect in these MCFs was studied theoretically 

by the explicit finite-difference method using the thermochemical SiOx production model. In the calculation, we assumed that 

two types of MCFs have a simple refractive-index profile, which is similar to that of doubly clad single-mode fibers. The 

calculated threshold power Pth of the homogeneous MCF was 1.19-1.25 W, which was close to the experimental Pth value of 

SMF. On the other hand, the Pth of small core fiber in heterogeneous MCF was 0.89 W. It was found that the Pth values of two 

types of MCFs were proportional to their cross sectional area Aeff values. Next, the cross sectional area A of the vaporized core 

was estimated using the proportionality constant Vf / P0 of MCFs and SMF at P0 ≥ 5 W. The A values of homogeneous MCF 

and SMF were close to their Aeff values. On the other hand, the A value of small core fiber in heterogeneous MCF was larger 

than its Aeff value. From these results, it was concluded that the plasma, which occurred in the vaporized core, tends to expand 

in the small-Aeff fiber. Furthermore, it was found that in the neighboring core layers the generation and propagation of fiber 

fuse was hindered during fiber fuse propagation in the heated core of homogeneous and/or heterogeneous MCF. 
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1. Introduction 

Silica-based optical fibers are the most important 

transmission medium for long-distance and large-capacity 

optical communication systems. Owing to the progress of 

dense wavelength-division multiplexing (WDM) technology 

using an optical-fiber amplifier, we can exchange large 

amounts of data at a rate of 100 Tbit/s class over several 

hundred kilometers [1]. 

However, it is widely recognized that the maximum 

transmission capacity of a single strand of fiber is rapidly 

approaching its limit of ∼100 Tbit/s owing to the optical power 

limitations imposed by the fiber fuse phenomenon and the 

finite transmission bandwidth determined by optical-fiber 

amplifiers [2-4]. 

To overcome these limitations, space-division multiplexing 

(SDM) technologies using a multi-core fiber (MCF), 

few-mode fiber (FMF), and few-mode multi-core fiber 

(FM-MCF) were proposed [2-9], and Pbit/s class transmission 

was demonstrated using these multi-core fibers [10-19]. 

In a conventional (uncoupled) MCF, several cores exist in 

an optical fiber, as shown in Figure 1. 

In this figure, seven cores arranged in a hexagonal array, 

and Λ and hc are the distance (pitch) between the core centers 

and the outer cladding thickness, respectively. If all the cores 

are identical to each other, the core density is mainly 

dominated by Λ, which guarantees a required crosstalk level 

along a given propagation length. 

Takenaga et al. investigated several seven-core MCF, as 

shown in Figure 1, and found that all the MCFs with Λ = 
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40-43 µm exhibit crosstalk of less than -30dB at a 

propagation length of 100 km and a wavelength (λ0) of 1.55 

µm [20]. They also found that the reduction of hc will be 

limited by the occurrence of the excess loss on outer cores 

and the hc should be larger than 38 µm to suppress the excess 

losses of the outer cores less than 0.001 dB/km [20]. 

 
Figure 1. Schematic of seven-core MCF. 

On the other hand, it is well known that when the 

refractive indices or radii of the cores are slightly different 

from each other, the maximum power transferred between 

the cores decreases drastically [21, 22]. Using this benefit, a 

heterogeneous MCF was proposed by Koshiba and 

coworkers [23]. In the heterogeneous MCFs, not only 

identical but also non-identical cores are arranged in a optical 

fiber so that crosstalk between any pair of cores becomes 

sufficiently small [23]. As a result, cores of the 

heterogeneous MCFs are more closely packed in definite 

space, compared to a conventional, homogeneous MCF 

composed of only identical cores. 

Homogeneous and heterogeneous MCFs with a large 

effective cross sectional area (Aeff) of > 70 µm
2
 at λ0 = 1.55 µm 

are realized by several research institutes [6, 20, 24-29]. These 

MCFs are effective for preventing the occurrence of fiber fuse 

effect by lowering the optical power density of the core in 

each waveguide. 

The fiber fuse experiments of MCFs at λ0 = 1.55 µm were 

reported in 2012 by Sekiya et al. [30]. In this article, we 

investigated the unsteady-state thermal conduction process in 

MCFs theoretically with the explicit finite-difference method 

using the thermochemical SiOx production model [31]. 

2. Fiber Fuse Effect of MCFs 

The fiber fuse experiments of multi-core fibers were 

conducted for the first time by Sekiya and co-workers [30]. 

Fiber fuse was generated with exposure to arc discharge 

provided by a fusion splicer [32]. 

They investigated two types of MCFs shown in Figure 2. 

The MCF type 1 (MCF1) consists of 7 identical single-mode 

(SM) cores, which is numbered from 0 to 6, as shown in 

Figure 2(a). 

In contrast, the MCF type 2 (MCF2) consists of 3 identical 

SM cores being numbered from 1 to 3, intercalated with 3 

identical small cores A, B, and C, whose diameters are 

smaller than those of SM cores, as shown in Figure 2(b). 

 
Figure 2. Two types of MCFs. 

2.1. Parameters of MCFs 

The parameters and refractive-index profiles of the MCF1 

and MCF2 are not described in the literature [30]. In the 

calculation, we set the core pitch Λ to 40 µm and the outer 

cladding thickness hc to 45 m. 

It is well known that a trench-assisted MCF design is 

widely used in the conventional and heterogeneous MCFs 

[20, 24, 25, 28]. The refractive-index profile of the 

trench-assisted MCF is shown in Figure 3(a). 

 
Figure 3. Refractive-index profile of MCF. 

In this figure, a, a', and r1 are the radii of the (first) core, 

second core, and trench, respectively, and n1, n'1, n0, and n2 

are the refractive indices in the (first) core, second core, 

cladding, and trench, respectively. rf is the cladding radius. 

As shown in Figure 3(a), a trench-assisted MCF has a 

dual-shape or convex-index profile of the core [33-35] and its 

refractive-index profile is somewhat complicated. 

Therefore, in the calculation, we assumed that MCF1 

and/or MCF2 have a simple refractive-index profile as shown 

in Figure 3(b). These MCFs are regarded as doubly clad 

single-mode fibers [36-39]. 

The relative refractive-index difference ∆ 1 and ∆ 2 in 

Figure 3 are defined as 

∆�= ������	�

����

~ 
����	�
��

               (1) 

∆�= ������	�
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~ 
����	�
��

               (2) 

The parameters of two MCFs are shown in Table 1, 

together with a conventional step-index SMF. 
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Table 1. Parameters of MCFs and step-index SMF. 

Parameters MCF 1-0 MCF 1-1-6 MCF 2-1-3 MCF 2-A-C SMF 

∆1 (%) 0.45 0.45 0.45 0.50 0.36 

∆2 (%) -0.55 -0.55 -0.55 -0.55 - 

a (μm) 4 4 4 2 4.6 

r1 (μm) 5 5 5 3 - 

rf (μm) 62.5 45 45 45 62.5 

Aeff (μm2) 79.53 79.53 79.53 52.71 93.11 

In this table, Aeff is the effective cross sectional area at 1.55 

µm, which is defined as follows [40, 41]: 
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          (3) 

where R (r, θ ) is the electric field distribution of the 

fundamental LP01 mode of the fiber, which is expressed in 

cylindrical coordinates. The Aeff value at 1.55 µm was 

estimated with the finite element method (FEM) [42]. 

2.2. Chromatic Dispersion of MCFs 

Chromatic dispersion in the 1.0-1.7-µm spectral region for 

the step-index SMF and the MCFs were calculated by using 

the FEM program. The calculated results are shown in Figure 

4. It is clear that zero chromatic dispersion of MCF1-0-6 and 

MCF2-1-3 occurs at 1.3 µm, which is close to the 

zero-dispersion wavelength λcd
0
 (= 1.31 µm) of the SMF. 

 
Figure 4. Chromatic dispersion of SMF and MCFs. 

On the other hand, the zero chromatic dispersion of the 

MCF2-A-C occurs at 1.4 µm, which is longer than the λcd
0
 of 

the SMF. 

In the next section, we describe the results of some 

numerical calculations related to the thermal conduction 

process in MCFs described above. 

3. Fiber Fuse Calculation in MCFs 

We assume that the MCF is in an atmosphere of T = Ta. We 

also assume that part of the core layer is heated and has a length 

of ∆L (= 40 μm) and a temperature of Tc
0
 (> Ta) (see Figure 5). 

 
Figure 5. Schematic view of hot zone in core layer of MCF. 

In the heating zone (called the ``hot zone") shown in 

Figure 5, an absorption coefficient α is larger than that in 

the other parts of the core because of its high temperature Tc
0
 

(> Ta). Thus, as the light propagates along the positive 

direction (away from the light source) in this zone, a 

considerable amount of heat is produced by light absorption. 

3.1. Threshold Power in MCFs 

We investigated the core center temperature distribution in 

the longitudinal direction of the MCF1-0 and MCF1-1 after 

the incidence of a laser power P0 of up to 2 W. In the 

calculation, we set the time interval δt to 10 ns, the step size 

along the r axis δr to rf/14 for MCF1-0 and rf/10 for 

MCF1-1, and the step size along the z axis δz to 20 µm, and 

assumed that Tc
0
 = 2,923 K and Ta = 298 K. 

 

Figure 6. Core center temperature distribution in the longitudinal direction of 

the MCF1-0 after 1 ms when P0 = 0-2 W and λ0 = 1.55 #m. 

 
Figure 7. Core center temperature distribution in the longitudinal direction of 

the MCF1-1 after 1 ms when P0 = 0-2 W and λ0 = 1.55 #m. 

We estimated the change in the temperature T (0, z) at the 
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core center (r = 0 µm) in the MCF1-0 and MCF1-1 at t = 1 ms 

after the incidence of laser light with λ0 = 1.55 µm and initial 

power P0 = 0-2 W. The calculated changes in the temperature 

at the core center position are shown in Figures 6 and 7. 

When the power of the light entering the MCF1-0 

increases from 1.15 W to 1.20 W, the peak temperature rises 

from 2,923 to 33,800 K, and thereafter, propagation behavior 

was observed in the -z direction with increasing P0, as shown 

in Figure 6. The characteristic P0 value of 1.20 W (or more 

accurately 1.19 W) is the threshold power Pth of the MCF1-0. 

This value is close to the experimental Pth value (1.39 W 

[43]) of SMF. The Pth of the MCF1-1 is determined as 1.25 

W in the same manner as the MCF1-0, as shown in Figure 7. 

This value is almost same as that (1.19 W) of the MCF1-0. 

 
Figure 8. Core center temperature distribution in the longitudinal direction of 

the MCF2-A after 1 ms when P0 = 0-1.5 W and λ0 = 1.55 µm. 

Furthermore, we investigated the change in the temperature T 

(0, z) at the core center (r = 0 µm) in the MCF2-A at t = 1 ms 

after the incidence of a laser power P0 of up to 1.5 W. In the 

calculation, we set the step size along the r axis δr to rf/10. 

The calculated change in the temperature at the core center 

position is shown in Figure 8. As shown in Figure 8, when 

the power of the light entering the MCF2-A increases from 

0.85 W to 0.90 W, the peak temperature rises from 2,923 to 

35,100 K, and thereafter propagation behavior was observed 

in the -z direction with increasing P0. 

 
Figure 9. Effective cross-sectional area dependence of the threshold powers 

at λ0 = 1.55 µm. The closed circle is the data reported by Abedin and 

Nakazawa [43]. 

The Pth of the MCF2-A is determined to 0.90 W (or more 

accurately 0.89 W). This value is smaller than that of the 

MCF1-0 (1.19 W) or MCF1-1 (1.25 W). 

We examined the Aeff dependence of the Pth values at λ0 = 

1.55 µm. The results are shown in Figure 9. As shown in 

Figure 9, the Pth values are proportional to the Aeff values. 

Similar proportional relationship between Pth and Aeff was 

reported in the dispersion-shifted fibers [43]. 

 
Figure 10. Temperature fields of the core center of MCF1-0 after 1 and 10 ms 

when P0 = 2 W and λ0 = 1.55 µm. 

3.2. Relationship Between P0 and Vf in MCFs 

Next, we estimated the temperature field of the core center 

of the MCF1-0 along the z direction at t = 1 ms and 10 ms 

after the incidence of laser light with P0 = 2 W and λ0 = 1.55 

µm. The calculated results are shown in Figure 10. 

As shown in Figure 10, the core center temperature near 

the end of the hot zone (z = -0.28 mm) changes abruptly to a 

high value of about 3.7 × 10
4
 K after 1 ms. This rapid rise in 

the temperature initiates the fiber fuse propagation. After 10 

ms, the high-temperature front in the core layer reaches a z 

value of -2.98 mm. The average propagation velocity Vf is 

estimated to be 0.30 m/s using these data. This Vf is close to 

the value (∼0.32 m/s) of SMF measured by Abedin and 

Nakazawa [43]. 

 

Figure 11. Relationships between the velocity Vf and the input power P0 for 

MCF1-0 at λ0 = 1.55 µm. 

Figure 11 shows the P0 dependence of the Vf values for 

MCF1-0 at λ0 = 1.55 µm.  

As shown in Figure 11, the slope Vf / P0 of MCF1-0 

decreases gradually with increasing P0 at P0 < 5 W and then 

increases linearly with increasing P0 at P0 ≥ 5 W. Such a 
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proportional relationship between Vf and P0 was observed by 

Sekiya et al. [30]. The proportionality constant Vf / P0 of 

MCF1-0 at P0 ≥ 5 W was estimated to be about 0.091 m/J 

(see Figure 11). 

Figure 12 shows the P0 dependence of the Vf values for the 

SMF at λ0 = 1.55 µm. The data reported by Abedin and 

Nakazawa [43] are plotted in this figure. 

As shown in Figure 12, the Vf values are close to the 

experimental values. Furthermore, the slope Vf / P0 of SMF 

decreases gradually with increasing P0 at P0 < 5 W and then 

increases linearly with increasing P0 at P0 ≥ 5 W. Similar 

behavior in a commercial single-mode optical fiber 

(SMF-28) at λ0 = 1.48 µm was observed by Todoroki [45]. 

The proportionality constant Vf / P0 of SMF at P0 ≥ 5 W 

was estimated to be about 0.081 m/J (see Figure 12). 

 
Figure 12. Relationships between the velocity Vf and the input power P0 for 

SMF at λ0 = 1.55 µm. The closed circles are the data reported by Abedin and 

Nakazawa [36]. 

 

Figure 13. Relationships between the velocity Vf and the input power P0 for 

MCF1-1 and MCF2-A at λ0 = 1.55 µm. 

Next, the P0 dependence of the Vf values for MCF1-1 

and/or MCF2-A was investigated at λ0 = 1.55 µm. The 

calculated results are shown in Figure 13. 

As shown in Figure 13, the slope Vf / P0 of MCF2-A is 

larger than that of MCF1-1. The proportionality constant Vf / 

P0 of MCF2-A at P0 ≥ 5 W is about 0.111 m/J, which is 

about 1.2 times that (0.092 m/J) of MCF1-1. 

A fiber fuse is a thermal wave composed of plasma. The input 

power P0 absorbed in the hot zone in the core layer is converted 

into heat. Although most of the heat is dissipated to the 

neighboring core and cladding layers, part of the heat can be 

used to form and propagate the thermal wave (plasma). 

The reduction factor of P0 due to internal energy loss (heat 

dissipation) from the fiber core is defined as f. Using f, the 

propagation velocity Vf of fiber fuse is given by the following 

equation: 

$� = %	�
&'()∆*

                (4) 

where ∆T is the temperature increase that results in 

vaporization. A, ρ (= 2,024.0 kg m
-3

), and Cp (= 844.4 J kg
-1

 

K
-1

) are the cross-sectional area, density, and specific heat of 

the vaporized core, respectively. 

This equation is somewhat similar in form to the models 

proposed by Kashyap and Blow [46] and Atkins et al. [47], 

which were assumed no energy loss from the fiber core. 

We assumed that ∆T = 5,760 K, which was the average 

temperature of the radiation zone [31], and f = 0.07. We can 

estimate A by using Eq. (4) and Vf / P0 value. 

The parameters, Vf / P0, and A values of various MCFs and 

SMF are shown in Table 2. 

Table 2. Parameters, Vf / P0, and A values of various MCFs and SMF. 

Fibers Aeff (µm2) Vf / P0 (m/J) A (µm2) 

MCF1-0 79.53 0.091 78.14 

MCF1-1 79.53 0.092 77.29 

MCF2-A 52.71 0.111 64.06 

SMF 93.11 0.081 87.79 

As shown in this table, the A values of MCF1-0, MCF1-1, 

and SMF are close to their Aeff values. On the other hand, the 

A value (64.06 µm
2
) of MCF2-A is about 1.2 times the value 

of its Aeff value (52.71 µm
2
). 

From these results, it was concluded that the plasma, 

which occurred in the vaporized core, tends to expand in the 

small-Aeff fiber, such as MCF2-A. 

The radius rp of the expanded plasma in MCF2-A is about 

4.52 µm. This is about 2.3 times the value (2 µm) of a, but 

the increment (2.52 µm) of the radius is very small, 

compared with the core pitch Λ of 40 µm. 

3.3. Possibility of Fiber Fuse Initiation in Neighboring 

Cores 

When fiber fuse propagation occurs in the core of MCF1-0, 

the heat generated in the core is transferred to the cladding 

layer near its periphery and the cores of its neighbors. If parts 

of the neighboring core layers are heated to a high 

temperature of ≥ Tc
0
 (= 2,923 K), a fiber fuse will be initiated 

in these parts of the neighboring core layers. 

To elucidate this problem, the temperature fields in 

MCF1-0 in the course of fiber fuse propagation were 

calculated after 5 ms when P0 = 10 W and λ0 = 1.55 µm. The 

calculated results are shown in Figure 14. 
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Figure 14. Temperature distribution around the core of MCF1-0 after 5 ms 

when P0 = 10 W and λ0 = 1.55 µm. 

In this figure, the temperature distribution around the core 

of MCF1-0 is shown by red contour lines. 

As shown in Figure 14, the maximum temperature in the 

neighboring core layers of MCF1-1 and MCF1-4 is lower 

than 2,000 K (or more accurately 1,600 K). As this 

temperature (< 1,600 K) is lower than Tc
0
 (= 2,923 K), the 

generation and propagation of fiber fuse will not occur in the 

neighboring core layers during fiber fuse propagation in the 

heated core of MCF1-0. 

Furthermore, the temperature fields in MCF2-A in the 

course of fiber fuse propagation were calculated after 5 ms 

when P0 = 10 W and λ0 = 1.55 µm. The calculated results are 

shown in Figure 15. In this figure, the temperature 

distribution around the core of MCF2-A is shown by red 

contour lines. 

As shown in Figure 15, the maximum temperature in the 

neighboring core layer of MCF2-3 is lower than 2,000 K (or 

more accurately 1,000 K). 

 

Figure 15. Temperature distribution around the core of MCF2-A after 5 ms 

when P0 = 10 W and λ0 = 1.55 µm. 

As this temperature (< 1,000 K) is lower than Tc
0
, the 

generation and propagation of fiber fuse will not occur in the 

neighboring core layers during fiber fuse propagation in the 

heated core of MCF2-A. 

From these results, it is concluded that in the neighboring 

core layers the generation and propagation of fiber fuse is 

hindered during fiber fuse propagation in the heated core of 

homogeneous and/or heterogeneous MCF when P0 of up to 

10 W. 

4. Conclusion 

The fiber fuse experiments of MCFs at 1.55 µm were 

conducted using two types of MCFs: homogeneous 7-core 

MCF and heterogeneous 6-core MCF. The fiber fuse effect in 

these MCFs was studied theoretically by the explicit 

finite-difference method using the thermochemical SiOx 

production model. In the calculation, we assumed that two 

types of MCFs have a simple refractive-index profile, which is 

similar to that of doubly clad single-mode fibers. The 

calculated threshold power Pth of the homogeneous MCF was 

1.19-1.25 W, which was close to the experimental Pth value 

of SMF. On the other hand, the Pth of small core fiber in 

heterogeneous MCF was 0.89 W. It was found that the Pth 

values of two types of MCFs were proportional to their cross 

sectional area Aeff values. Next, the cross-sectional area A of 

the vaporized core was estimated using the proportionality 

constant Vf / P0 of MCFs and SMF at P0 ≥ 5 W. The A values 

of homogeneous MCF and SMF were close to their Aeff 

values. On the other hand, the A value of small core fiber in 

heterogeneous MCF was larger than its Aeff value. From these 

results, it was concluded that the plasma, which occurred in 

the vaporized core, tends to expand in the small-Aeff fiber. 

Furthermore, it was found that in the neighboring core layers 

the generation and propagation of fiber fuse was hindered 

during fiber fuse propagation in the heated core of 

homogeneous and/or heterogeneous MCF. 
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