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The evolution of both the core melting and fiber fuse phenomena in a single-mode fiber-optic connector was studied theoretically.
Carbon black was chosen as a light-absorbent material. A thin absorbent layer with a thickness of 1 𝜇m order was assumed to
be formed between the fiber end faces in the connector. When a high-power laser operating at 1.48 or 1.55 𝜇m was input into the
connector, the temperature on the fiber core surface increased owing to heat conduction from the light-absorbentmaterial.The heat
flow process of the core, which caused the core to melt or the fiber fuse phenomenon, was theoretically calculated with the explicit
finite-difference method.The results indicated that initial attenuation of less than 0.5 dB was desirable to prevent core fusion in the
connectors when the input 1.48𝜇m laser power was 1W. It was found that a core temperature of more than 4000K was necessary
to generate and maintain a fiber fuse.

1. Introduction

Owing to the progress of dense wavelength division multi-
plexing (DWDM) technology using an optical-fiber ampli-
fier, we can exchange large amounts of data at a rate of
over 60 Tbits/s [1]. However, it is widely recognized that the
maximum transmission capacity of a single strand of fiber is
rapidly approaching its limit of∼100Tbits/s owing to the opti-
cal power limitations imposed by the fiber fuse phenomenon
and the finite transmission bandwidth determined by optical-
fiber amplifiers [2]. To overcome these limitations, space
division multiplexing (SDM) technology using a multicore
fiber (MCF) was proposed [3].

The fiber fuse phenomenon was first observed in 1987
by British scientists [4–7]. Several review articles [8–12]
have been recently published that cover many aspects of the
current understanding of fiber fuses.

A fiber fuse can be generated by bringing the end of a
fiber into contact with an absorbing material or by melting
a small region of a fiber using an arc discharge of a fusion
splicemachine [4]. If a fiber fuse is generated, an intense blue-
white flash occurs in the fiber core, and this flash propagates
along the core in the direction of the optical power source

at a velocity on the order of 1m/s. Fuses are terminated by
gradually reducing the laser power to a termination threshold
at which the energy balance at a fuse is broken.

When a fiber fuse is generated, the core layer in which
the fuse propagates is seriously damaged, and the damaged
fiber cannot be used in an optical communication system.
The damage has the form of periodic or nonperiodic bullet-
shaped cavities left in the core [13–21].

When optical signals are transmitted over a long distance
using single-mode optical fibers (SMFs), it is necessary to
connect long optical fibers along the transmission path.
Optical connectors for SMFswere developed for this purpose.
Several research institutes have studied the high-power per-
formance of single-mode fiber-optic connectors [22–25].

One of the most common types of degradation observed
in the connectors is related to end face contamination,
often induced by plug/unplug operations. The contamina-
tion in optical connectors is attributed to dust or other
organic particles, which aremainly produced during network
installation as a result of handling by human operators.
When the plug/unplug procedure is performed with con-
taminated connectors, the impurities can enter the fiber core
region. These adherent impurities act as absorbing centers,
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where the surrounding material is heated to sufficiently high
temperatures to induce permanent damage.The temperature
rise in the connector may also trigger the fiber fuse effect.

The high-power damage phenomenon in fiber-optic con-
nectors was previously investigated from the viewpoint of
the adhesion of absorbing organic materials, such as carbon-
black-doped resin [22, 25] and a thin layer of carbon black
[24], on the core end faces in the connectors. Carbon black
was used to represent organic contaminants in these studies.

De Rosa et al. prepared mated connector pair sets that
consisted of end faces with carbon black uniformly cover-
ing the fiber cores [22]. These contaminated samples were
prepared using a carbon-black-doped UV-curable acrylate
resin. A thin, even layer of solution was applied to the end
face of one connector of the mated pair and was cured using
UV light to provide a known end face condition. Samples
contaminated with 5wt% carbon-black-doped acrylate resin
exhibited end face damage at an initial laser power 𝑃

0
of

49mW when they were exposed to CW laser light with a
wavelength 𝜆

0
of 1.55 𝜇m [22].

Seo et al. reported that optical connectors with light-
absorbing contaminants such as carbon black-doped epoxy
resin and/or oil-based black ink showed end face damage at
𝑃
0
= 2W when exposed to laser light with 𝜆

0
= 1.48 𝜇m [25].

Domingues et al. examined the high-power damage
of fiber core end faces covered with carbon black [24].
Contaminated samples were prepared using a carbon black
aqueous solution to obtain initial attenuation IA in the range
of 2–10 dB. Sampleswith IA ≥ 4 dB exhibited end face damage
at𝑃
0
= 1Wwhen exposed toCW laser light with𝜆

0
= 1.48𝜇m,

and the fiber fuse effect occurred in the samples with the
passage of time at 1.5W [24]. An IA of 4 dB corresponds to
an optical absorption coefficient 𝛼 of 9.2 × 105m−1 when the
thickness of the contaminant is about 1 𝜇m. The value of 𝛼
for the contaminant is closely related to the generation of end
face damage and/or the fiber fuse effect.

In this paper the author begins by estimating the 𝛼 value
for carbon black. Then, using this value, the non-steady-
state thermal conduction process in the contaminated end
face of an optical connector is theoretically studied using the
explicit finite-difference technique and the thermochemical
SiO
𝑥
production model for SMFs [26].

2. Absorption Coefficient of Carbon Black

The optical properties (or constants) of materials are usually
characterized by two parameters, the index of refraction 𝑛
and extinction coefficient 𝑘. The optical absorption coeffi-
cient 𝛼 is related to 𝑘 and 𝜆

0
by [27]

𝛼 =
4𝜋𝑘

𝜆
0

. (1)

Graphite, which is the raw material of carbon black, has
a stratified molecular structure. In each layer, many carbon
atoms are tightly packed into a two-dimensional honeycomb
lattice [28]. The optical constants of graphite have been
estimated in the visible and ultraviolet regions [29, 30]. Values
of 𝑛 = 2.73 and 𝑘 = 1.40 were reported at 𝜆

0
= 0.63 𝜇m [30].
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Figure 1: Viscosity of silica glass as a function of temperature.

Using (1) and the optical constants, the absorption coef-
ficient of graphite is estimated to be 𝛼 = 2.79 × 107m−1.
This value is of about three orders of magnitude larger than
the 𝛼 values (104m−1 order) [6, 31] required for fiber fuse
generation.

The melting temperature of graphite is 4800 ± 100K [32],
and liquid carbon exists at high temperature of >4800K [33].
Carbon vapour containing C

1
to C
7
species was measured

at the temperature (𝑇) of 5000–10000K [34]. As the optical
constants of liquid carbon and carbon vapour are unknown,
𝛼(= 2.79 × 10

7m−1) was used throughout the calculation
process.

3. Deformation Temperature of Silica Glass

To generate end face damage, the temperature of the core
layer must reach a critical value, where silica glass can be
readily deformed. This critical temperature is known as the
working point, which is related to the viscosity of the glass.

The working point (𝑇
𝑤
) of a glass is defined as the

temperature at which it has a viscosity of 104 P [35]. On the
other hand, the softening point (𝑇

𝑠
) is the temperature at

which it has a viscosity of 107.6 P [35].
The relationship between the viscosity 𝜂 (P) and temper-

ature 𝑇 (K) of silica glass (fused silica) is given as follows
[36, 37]:

log 𝜂 = −6.24 + 26950
𝑇
. (2)

The 𝜂 values of silica glass are shown in Figure 1 as a function
of 𝑇.
𝜂 decreases with increasing 𝑇. Using the 𝜂 data shown

in Figure 1, the 𝑇
𝑤
and 𝑇

𝑠
values were estimated to be 𝑇

𝑤
=

2632K and 𝑇
𝑠
= 1947K.
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Figure 2: Schematic view of ferrule end faces with adhering con-
taminant.

𝑇
𝑠
is slightly lower than the melting point (𝑇

𝑚
= 1973K)

of silica glass. Moreover, 𝑇
𝑤
is about 660K higher than 𝑇

𝑚
.

In the next section, the thermal conduction behavior
within contaminated end faces of fiber-optic connectors is
investigated by numerical computation using the 𝛼 values
estimated above.

4. Heat Conduction Behavior in Contaminated
Optical-Fiber Connector

An SMF-28 optical fiber is assumed to be set in the center of
a ferrule. This fiber has an outer radius of 𝑟

𝑓
(= 62.5 𝜇m), a

core radius of 𝑎(= 4.1 𝜇m), and a refractive index difference
of Δ = 0.36%.

When two connector plugs with ferrules are joined in
an adaptor, compressive contact forces (about 6N for the
SC-type connector [38]) are generated on the ferrule end
faces. These compressive forces result from the difference
between the spring compressive force of the plug and the
gauge retention force of the adaptor [39, 40].The compressive
forces deform the ferrule tip and compress the optical fiber
held in the ferrule. When the optical fiber with the outer
radius of 𝑟

𝑓
= 62.5 𝜇m is compressed by the compressive

force (about 6N), high pressure of about 0.5 GPa (5000 atm)
acts on the fiber end faces.

It is considered that the contaminant (carbon black)
enters the gap between the ferrule end faces as shown in
Figure 2.

The adhering contaminant is compressed by the compres-
sive contact force to form a thin absorbent layer between the
end faces of optical fibers facing each other. A schematic view
of the absorbent layer between the optical-fiber end faces
is shown in Figure 3, where 𝛼

𝑎
and Δ𝐿

𝑎
are the absorption

coefficient and the thickness of the absorbent, respectively.
The 𝛼
𝑎
value of the contaminant is very large as described

above.Thus, it can be expected that when laser light enters the
core layer shown in Figure 3, it is efficiently absorbed near the
incident interface with the core, and the generation of heat
takes place near this interface.

Core
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Figure 3: Schematic view of absorbent layer between optical-fiber
end faces.

To verify this prediction, the author theoretically studied
the non-steady-state thermal conduction process in the
region near the core end faces in Figure 3 using the explicit
finite-difference technique. In the calculation, it was assumed
that the initial temperature of the absorbent layer was equal
to the atmosphere temperature (=298K).

4.1. End Face Damage Caused by Carbon Black Adhesion.
First the author investigated the temperature distribution of
core end face in the experiments carried out by De Rosa
et al. [22]. In their experiments, the core end face was in
contact with an absorbent layer consisting of 5 wt% carbon
black-doped UV-curable acrylate. It was assumed that laser
light of wavelength 𝜆

0
= 1.55 𝜇m and initial laser power

𝑃
0
= 49mW was incident to the optical fiber held in the

ferrule (see Figure 2). The value of 𝛼
𝑎
for the absorbent layer

was estimated to be about 1.40 × 106m−1 by multiplying
𝛼(2.79 × 10

7m−1) for graphite by 5%.
The area in the numerical calculation had a length of 2𝐿(=
2mm) in the axial (𝑧) direction and awidth of 2𝑟

𝑓
(= 125 𝜇m)

in the radial (𝑟) direction.Therewere 24 and 4000 divisions in
the 𝑟 and 𝑧 directions, respectively, and the calculation time
interval was set to 1 ns. It was assumed that the absorbent layer
was located at the center of the fiber (length 2𝐿) and that the
length Δ𝐿

𝑎
of the layer was 1 𝜇m.

It is well known that UV-curable acrylate resin is
pyrolyzed at 350–450K [41] and charred at high tempera-
tures.

Therefore, in the heat conduction calculation, the author
used the following values of 𝜆 (Wm−1 K−1), 𝜌 (kgm−3), and
𝐶
𝑝
(J kg−1 K−1) in each temperature range.
(1) Parameters of acrylate resin in the temperature range

from room temperature (298K) to 450K [42]:

𝐶
𝑝
= 1400,

𝜆 = 0.21,

𝜌 = 1190.

(3)
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Figure 4: Temperature field around carbon-black-doped UV-cura-
ble acrylate layer placed between optical fibers after 100 𝜇swhen𝑃

0
=

49mW and 𝜆
0
= 1.55 𝜇m.

(2) Parameters of coal for 𝑇 > 450K [42] are

𝐶
𝑝
= 1260,

𝜆 = 0.28,

𝜌 = 1350.

(4)

The temperature field of the core center along the 𝑧
direction was calculated at a time of 100 𝜇s after the incidence
of the 49mW laser light. The calculated result is shown in
Figure 4.

The heat generated in the absorbent layer is transferred to
the neighboring core layers of the optical fibers. At a time of
100 𝜇s after laser light incidence, the peak temperature (𝑇

𝑝
)

of 4800K or above occurs in the immediate neighborhood
of the absorbent layer (see Figure 4). As a result, the
temperatures of the regions of about 4 and 3 𝜇m depth in the
left and right core layers become higher than the working
point (𝑇

𝑤
= 2632K) of silica glass. In these heated core

regions, it can be expected that the melting and flow of silica
glass will occur locally and that the surfaces of the core layers
will be damaged as observed by De Rosa et al. [22].

Next the author studied the temperature distribution
of the core end face in the experiments carried out by
Domingues et al. [24]. In their experiments, the core end face
was in contact with an absorbent layer produced by spreading
carbon black. It was assumed that laser light of wavelength
𝜆
0
= 1.48 𝜇m and initial power 𝑃

0
= 1W was incident to the

optical fiber held in the ferrule (see Figure 2).The length Δ𝐿
𝑎

of the absorbent layer and the calculation time interval were
assumed to be 1 𝜇m and 1 ns, respectively.

The relationship between 𝛼
𝑎
(m−1) and the initial attenu-

ation IA (dB) of the absorbent layer is given by

𝛼
𝑎
= 0.23026

IA
Δ𝐿
𝑎

. (5)
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0
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In the calculation, the following thermal conduction
parameters of carbon black were used: 𝜆 = 98Wm−1 K−1,
𝜌 = 1900 kgm−3, and 𝐶

𝑝
= 710 J kg−1 K−1, which are the

parameters of black lead [43].
The 𝑇

𝑝
values around absorbent layers with IA = 0.5–

8 dBwere calculated as a function of the irradiation time after
the incidence of the 1W laser light. The calculated results are
shown in Figure 5.

As shown in Figure 5, 𝑇
𝑝
increased with increasing time

and approached a certain temperature 𝑇𝑏
𝑝
with the passage of

time, where𝑇𝑏
𝑝
is the temperature at which the balance of heat

is achieved in the absorbent layer.
In the case of a heat source in part of the core layer, the

nonsteady heat conduction equation for the temperature field
𝑇(𝑟, 𝑧, 𝑡) in an SMF is given by [44]

𝜌𝐶
𝑝

𝜕𝑇

𝜕𝑡
= 𝜆(
𝜕
2
𝑇

𝜕𝑟2
+
1

𝑟

𝜕𝑇

𝜕𝑟
+
𝜕
2
𝑇

𝜕𝑧2
) + �̇�, (6)

where the first term on the right of (6) expresses the diffusion
or dissipation of the heat in the optical fiber and the absorbent
layer. The last term �̇� in (6) represents the heat source
resulting from light absorption, which is mainly required
for the absorbent layer between the optical fibers. �̇� can be
expressed by

�̇� = 𝛼𝐼, (7)

where 𝐼 is the optical power intensity in the core layer, which
can be estimated by dividing the incident optical power 𝑃

0
by

the effective area 𝐴eff of the fiber.
When laser light enters the absorbent layer, heat is

produced in the layer by optical absorption of the incident
light. The heat generated by optical absorption in the layer is
effectively dissipated by the heat conduction because the ther-
mal conductivity𝜆 of the absorbent (carbon black) is large. As
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a result, the quantity of heat required to raise the temperature
from 𝑇𝑏

𝑝
is canceled by the effective dissipation of the heat.

As shown in Figure 5, samples with IA = 6 and 8 dB
exhibit steep temperature gradients at the irradiation time of
about 10ms. This behavior is considered to be related to the
fiber fuse generation described below. In this case, the heat
supplied from the heat source to the core layer is smaller than
the heat required for fiber fuse initiation. As a result, the fiber
fuse generation is hindered in these samples.

The relationship between 𝑇𝑏
𝑝
and IA for the absorbent

layer was examined. The result is shown in Figure 6.
The 𝑇𝑏

𝑝
values for the absorbent layers with IA ≥ 3 dB

are higher than 𝑇
𝑤
for silica glass (see Figure 6). Therefore,

it can be expected that the surfaces of the core layers will be
damaged when IA > 3 dB, as reported by Domingues et al.
[24].

On the other hand, 𝑇𝑏
𝑝
(2680K) in the case of IA = 2 dB

is almost equal to 𝑇
𝑤
(2632K). Thus, when IA < 2 dB, it

can be expected that the melting and flow of silica glass will
not be observed in the core layers, which are adjacent to the
absorbent layer.

Furthermore, 𝑇𝑏
𝑝
(1780K) in the case of IA = 0.5 dB is

smaller than 𝑇
𝑠
(1947K). From the viewpoint of reliability,

IA ≤ 0.5 dB is desirable for maintaining the initial insertion
loss of single-mode fiber-optic connectors.

4.2. Fiber Fuse Generation Caused by Carbon-Black Adhesion.
The occurrence of a fiber fuse was reported by Domingues
et al. [24]. Samples with IA = 4–8 dB exhibited the fiber fuse
effect at 𝑃

0
= 1.5Wwhen they were exposed to CW laser light

with 𝜆
0
= 1.48 𝜇m.The 𝑇

𝑝
values around the absorbent layers

with IA = 4, 8, and 12 dB were calculated as a function of

the irradiation time after the incidence of 1.2–2.6W laser light
(𝜆
0
= 1.48 𝜇m). The calculated results are shown in Figure 7.
As shown in Figure 7, 𝑇

𝑝
values of 1.5 × 104 K or above

occur 0.75–7.4ms after laser light incidence. This rapid rise
in the temperature initiates the fiber fuse phenomenon. The
minimum initiation power 𝑃init at 𝜆0 = 1.48 𝜇m required
to generate a fiber fuse was estimated to be 2.25, 1.62, and
1.28Wwhen IA = 4, 8, and 12 dB, respectively.Theminimum
irradiation times 𝑡min at 𝑃0 = 𝑃init were 7.4, 4.3, and 3.3ms in
the case of IA = 4, 8, and 12 dB, respectively.

The relationship between 𝑃init and IA was investigated.
The calculated results are shown in Figure 8.

As shown in Figure 8, the estimated 𝑃init values of the
sampleswith IA= 4–8 dB are larger than 1.5W, and thosewith
IA ≥ 10 dB exhibit 𝑃init values of less than 1.5W. On the other
hand, Domingues et al. reported that samples with IA = 4–
8 dB exhibited the fiber fuse effect with the passage of time at
𝑃
0
= 1.5W [24].These experimental results are different from

the calculated results shown in Figure 8.
This discrepancy may be caused by the difference in the
Δ𝐿
𝑎
values of the absorbent layers. As shown by (5), 𝛼

𝑎

for the absorbent layer increases with decreasing Δ𝐿
𝑎
. In

the calculation, the author assumed Δ𝐿
𝑎
= 1 𝜇m. If Δ𝐿

𝑎
is

assumed to be 0.4 𝜇min the fiber fuse generation experiments
conducted by Domingues et al., the 𝛼

𝑎
values at IA = 4–8 dB

in their experiments correspond to those at IA = 10–20 dB
in this calculation. Furthermore, the fiber fuse occurs on the
boundary between the core and the absorbent layer and is
unrelated to the thickness of the absorbent layer. As a result,
the sampleswith IA=4–8 dB investigated byDomingues et al.
will exhibit the fiber fuse phenomenon at 𝑃

0
= 1.5W because

the 𝑃init values of the samples with IA = 10–20 dB shown in
Figure 8 are less than 1.5W.

Next, the temperature field 𝑇(𝑟, 𝑧) was calculated at 𝑡 =
2.0, 2.2, and 2.4ms after the incidence of the 1.8W laser light
for IA= 8 dB.The calculated results are shown in Figures 9–11,
respectively.

As shown in Figure 9, the core center temperature near
the end of the absorbent layer (L∼ −15 𝜇m) changes abruptly
to a large value of about 2 × 104 K after 2ms. This rapid rise
in the temperature initiates the fiber fuse phenomenon as
shown in Figures 10 and 11. After 2.2 and 2.4ms, the high
temperature front in the core layer reached 𝐿 values of −98
and −181 𝜇m, respectively. The average propagation velocity
V
𝑓
was estimated to be about 0.41m/s using these data. This

value is close to the experimentally determined V
𝑓
value of

0.38m/s [11, 45].

4.3. Formation Process of Fiber Fuse around Absorbent Layer.
A sudden temperature increase in an extremely short time
was observedwhen a fiber fuse occurred as shown in Figure 7.
To investigate the formation process of the fiber fuse, the
author calculated the temperature field 𝑇(𝑟, 𝑧) at 𝑡 = 0.5, 1.4,
1.5, and 1.6ms after the incidence of 1.8W laser light for
IA = 8 dB. The calculated results are shown in Figures 12–15,
respectively.

As shown in Figures 12 and 13, the temperature rise
between 0.5 and 1.4ms was relatively slow. As the 𝑇

𝑝
values



6 Journal of Photonics

Fiber fuse

5 5

10

15

20

25

30

35

10

15

20

25

30

Fiber fuse

Fiber fuse

0

5

10

15

20

25

30

Time (s)
10−6 10−5 10−4 10−3 10−2 10−1

T
p

(1
0
3

K)

T
p

(1
0
3

K)

T
p

(1
0
3

K)

2.0W 2.4W
2.6W2.25W

IA = 4dB IA = 8dB

1.5W 1.8W
2.0W1.62W

IA = 12dB

1.2W 1.4W
1.6W1.28W

Time (s)
10−6 10−5 10−4 10−3 10−2 10−1

Time (s)
10−6 10−5 10−4 10−3 10−2 10−1

Figure 7: 𝑇
𝑝
values around absorbent layers with IA = 4, 8, and 12 dB (Δ𝐿 = 1 𝜇m) versus irradiation time when 𝑃

0
= 1.2–2.6W.

M
in

im
um

 in
iti

at
io

n 
po

w
er

 (W
)

0

1

2

3

4

5

6

7

8

Initial attenuation (dB)
0 2 4 6 8 10 12 14 16 18 20

𝜆0 = 1.48𝜇m

ΔLa = 1𝜇m

Figure 8: Minimum initiation power at 𝜆
0
= 1.48 𝜇m required

to generate fiber fuse versus IA for absorbent layer (Δ𝐿
𝑎
= 1 𝜇m)

between optical fibers.

0 50

0
0.5

1
0

5

10

15

20

25

−50
−100

−150

−1
−0.5

T
(×
10

3
K)

t = 2.0ms

L (𝜇m)
r/rf

−200

Figure 9: Temperature field around absorbent layer with IA = 8 dB
after 2ms when 𝑃

0
= 1.8W and 𝜆

0
= 1.48 𝜇m.

of 0.5 and 1.4ms were 2520 and 3290K, respectively, 𝑇
𝑝

increased by only 770K in 0.9ms.
In contrast, 𝑇

𝑝
reached 5340K after 1.5ms and exceeded

2.0 × 10
4 K after 1.6ms (see Figures 14 and 15). This rapid
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rise in the temperature initiates the fiber fuse phenomenon
as shown in Figures 9–11.

A sudden temperature change was not seen even after
100ms when𝑃

0
was 1W (see Figure 5). In this case,𝑇

𝑝
tended

to rise at about 10ms and then decreased. This means that 𝑃
0

of 1W is insufficient for 𝑇
𝑝
to increase from 3000K to over

5000K.
Why did a fiber fuse occur above 5000K? One reason is

the light absorption behavior of the optical fiber at high tem-
peratures.The author calculated the temperature dependence
of the absorption coefficient (𝛼) at 1.48 𝜇m when heating an
SMF-28 optical fiber, using the procedure described in [12,
26]. The result is shown in Figure 16. As shown in Figure 16,
the 𝛼 value (11.3 × 104m−1) at 5000K is larger than that
(6.5 × 104m−1) at 3000K. A rapid change in 𝛼 occurs when
the temperature changes from 2000K to 3000K. In contrast,
there is little change in 𝛼when the temperature changes from
4000K to 7000K (see Figure 16).

The radiating part of a fiber fuse consists of low-density
ionized gas plasma, whose temperature exceeds 4000K [46].
Tomaintain the ionized gas plasma state in the fiber fuse, heat
must be supplied constantly even if the temperature changes.
To this end, it is necessary for 𝛼 to take roughly the same
value when the temperature changes while remaining above
4000K. The temperature dependence of 𝛼 for the SMF-28
fiber satisfies this requirement (see Figure 16). This indicates
that a core temperature of more than 4000K is necessary
to generate and maintain a fiber fuse. The temperatures of
the fiber fuse estimated and/or measured experimentally
were 5400K [6] and 5800–6500K [47]. The theoretically
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estimated temperature of >4000K for fiber fuse generation
and maintenance does not contradict these experimental
results.

Next the author investigated the stability of low-density
ionized gas plasma in the fiber-optic connector, where the
absorbent (carbon black) enters the gap between the end
faces of SMF-28 optical fibers. The gas plasma exhibits high
temperature and high pressure [48] because it is confined in
a small space of about 20𝜇m in width [49] around the core
layer.When temperature of the gas plasma reaches 5000K, its
pressure becomes about 5000 atm. This high pressure of the
plasma is maintained in the optical fiber because the leak of
the plasma is obstructed by neighboring rigid silica glass.

On the other hand, in the fiber-optic connector, the end
face of the fiber is constantly compressed with high pressure
of about 5000 atm, which is caused by the compressive force
in the connector. Silica glass at the end face is melted and
changes to densely packed SiO

𝑥
(𝑥 < 2) [26] with increasing

temperature. And gaseous SiO
𝑥
molecules decompose and

become ionized gas plasma at high temperatures of about
5000K [46]. Therefore, high pressure (<5000 atm) of the
plasma at temperature of <5000K can be kept by the help of
the compressive force in the connector.

However, with increasing temperature, pressure of the
plasma exceeds the acceptable pressure (about 5000 atm)
for maintaining the primary (equilibrium) conditions of the
plasma at the end face.

The temperatures of the core center at the end face (𝐿 =
−0.5 𝜇m) abutting the absorbent (carbon black) layer with
IA = 8 dB (Δ𝐿 = 1 𝜇m) were calculated as a function of the
irradiation time after the incidence of the 1.62, 2, and 3W
laser light. The calculated result is shown in Figure 17. In the
temporal axis of this figure, the time of 0.1ms is the start time
for sudden temperature rise. As shown in Figure 17, during
short time (about 0.5ms), temperature at the end face exceeds
5000K after a temperature rise began.

Next the temperature fields at the end face (𝐿 = −0.5 𝜇m)
along the 𝑟 direction were calculated about three 𝑃

0
con-

ditions shown in Figure 17 at a time of 0.1ms after the
temperature rise start. The calculated result is shown in
Figure 18. As shown in Figure 18, the temperatures at the outer
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Figure 17: Temperature of the core center at the end face abutting
the carbon black layer with IA = 8 dB (Δ𝐿 = 1 𝜇m) versus irradiation
time when 𝑃

0
= 1.62, 2, and 3W and 𝜆

0
= 1.48𝜇m.

cladding surfaces (𝑟/𝑟
𝑓
= ±1) of three samples are lower than

the softening point (𝑇
𝑠
= 1947K) of the silica glass when 𝑡 =

0.1ms after the temperature rise start. This means that high
pressure of the plasma in the optical fiber is kept in the radial
direction because the leak of the plasma through the cladding
layer is obstructed by neighboring rigid silica glass.

As a result, leakage of the gas plasma into neighboring
liquid carbon layer is generated during the short time (about
0.5ms) after the temperature rise start, and the plasma is
expanded. This results in a reduction of the pressure of
the plasma, and its pressure falls to 5000 atm at this place.
Simultaneously, the temperature of the gas plasma decreases,
and it falls to 5000K. This pressure and temperature drop
disturbs equilibriumof the plasma at the end face.The plasma
is going to become uniform, and the instability of the plasma
will be caused around this place.

If the plasma is small in size and located close to the end
face, the instability of the plasmamay lead to the termination
of a fiber fuse.

The temperature fields of the core center along the 𝑧
direction were calculated about three 𝑃

0
conditions shown in

Figure 17 at a time of 0.1ms after the temperature rise start.
The calculated result is shown in Figure 19. In this figure, blue
triangles indicate the places of the highest temperature.

As shown in Figure 19, the gas plasma in the sample
with 𝑃

0
= 1.62W, which is 𝑃init when IA = 8 dB, exhibits its

thermal peak at 𝐿 = −2.5 𝜇m. This place is very near the
fiber end face (𝐿 = −0.5 𝜇m). Therefore, if a fiber fuse occurs
and the fiber fuse propagation begins in this sample, the fuse
may be terminated due to the instability of the gas plasma.
Similar phenomena of fiber fuse termination were reported
byKurokawa et al. [50, 51] in some studies about hole-assisted
fiber (HAF).
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The relationship between the fiber fuse termination phe-
nomenon and instability of the plasma has yet to be suffi-
ciently clarified. It largely depends upon future multilateral
studies.

5. Conclusions

The evolution of both the core melting and fiber fuse phe-
nomena in a single-mode fiber-optic connector was studied
theoretically. Carbon black was chosen as a light-absorbent
material. A thin absorbent layer with thickness of 1𝜇m order
was assumed to be formed between the fiber end faces in the

connector.Theheat flowprocess of the core, which caused the
core to melt or the fiber fuse phenomenon, was theoretically
calculated with the explicit finite-difference method. The
calculated results were compared with experimental results.
From the viewpoint of reliability, it was found that initial
attenuation of less than 0.5 dB is desirable to prevent the
core from melting in the single-mode fiber-optic connectors
when the input laser power is 1W at a wavelength of 1.48 𝜇m.
Furthermore, a core temperature of more than 4000K is
necessary to generate and maintain a fiber fuse.
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