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Abstract—The unsteady-state thermal conduction process in
step-index single-mode (SM) optical fiber was studied theoreti-
cally with the explicit finite-difference method. We considered a
high-temperature loss-increase mechanism, which includes two
factors that bring about an increase in the absorption coefficients:
1) electronic conductivity due to the thermal ionization of a
Ge-doped silica core and 2) thermochemical SiO production
in silica glass. The core-center temperature changed suddenly
and reached over 4 10

5 K when a 1.064- m laser power of
2 W was input into the core layer heated at 2723 K. This rapid
heating of the core initiated the “fiber fuse” phenomenon. The
high-temperature core areas were enlarged and propagated
toward the light source. The propagation rates of the fiber fuse,
estimated at 1.064 and 1.48 m, were in fair agreement with the
experimentally determined values. We found that the threshold
power for initiating the fiber fuse increases from 0.98 to 1.26 W
when the input laser wavelength is increased from 1.06 to 1.55 m.

Index Terms—Absorption coefficient, electrical conductivity,
fiber fuse phenomenon, point defect, single-mode (SM) optical
fiber, thermal conduction.

I. INTRODUCTION

B ROAD-BAND Raman amplifiers pumped by high-power
laser diodes have been developed for wavelength-divi-

sion-multiplexed (WDM) transmission systems [1]–[4]. In
Raman amplifiers, optical signals can be amplified in an optical
fiber through a power transfer from the pump to the signal via
the stimulated Raman scattering process. For optical signals
at 1.525–1.615 m ( - and -band), the Raman amplifiers
are pumped at 1.420–1.510 m [4]. To obtain a large Raman
gain, Raman amplifier-based optical network systems require
high-power pump sources that operate at 1.420–1.510 m.
For this purpose, 1.4XX- m pump laser diodes have achieved
more than 300 mW at a commercial level, and several -class
1.480- m Raman lasers are commercially available. In optical
network systems, there is a possibility that high-power optical
signals will be transmitted through single-mode (SM) optical
fibers. As the optical power level rises, nonlinear phenomena
start to become important, and these include the effects of
the “fiber fuse’” phenomenon. This effect, named because of
its similarity in appearance to a burning fuse, can lead to the
catastrophic destruction of various types of optical fiber [5].

The fiber fuse phenomenon was first observed in 1987 by
Kashyap and Blow [6], [7]. Most experimental results focused
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Fig. 1. Damage centers in the core of a damaged fiber.

on an intensity level of MW/cm . This is many or-
ders of magnitude below the intrinsic damage limit for silica
of GW/cm [6]. The fiber fuse typically involves a zone
of absorption that melts and then vaporizes the core at several
thousand kelvin, creating a void. The creation of this void is fol-
lowed by the initiation of another void further down the core in
the direction of the optical power source. This process is rapidly
repeated, moving an intense blue-white flash down the fiber at
velocities of the order of 1 m/s [6]–[14]. Fig. 1 shows damage
centers in the core of a damaged fiber. The damage is made man-
ifest by the periodic bullet-shaped cavities left in the core. These
cavities were considered to be the result of a classic Rayleigh in-
stability caused by capillary effects in the molten silica that sur-
rounds a vaporized fiber core [15]. Fuses are terminated by grad-
ually reducing the laser power to provide a termination threshold
at which the speed of the fuse is reduced to zero.

Several hypotheses have been put forward to explain the fiber
fuse phenomenon. These include a chemical reaction involving
the exothermal formation of germanium defects [8], self-pro-
pelled self-focusing [6], and thermal lensing of the light in the
fiber via a solitary thermal shock wave [9]. In experiments, this
phenomenon can be initiated by bringing the fiber output end
into contact with absorbent materials [6] and/or heating the fiber
with a flame or arc discharge [7]–[14].

The light absorption coefficient of the fiber core at high
temperatures is closely related to the generation of the fiber fuse
phenomenon. Kashyap reported that there was a rapid increase
in the value of a germanium (Ge)-doped silica core above
the critical temperature K , while the value of
about 0 dB/km at room temperature remained unchanged until
the temperature ( ) approached [7]. The value increased
by nearly 1900 dB/km m at 1.064 m when
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changed from to K. Hand and Russell found that this
phenomenon was initiated by the generation of large numbers
of Ge-related defects at high temperatures above about 1273 K,
and the values at 0.5 m induced at temperatures below 1873
K were modeled quite accurately using an Arrhenius equation
[9], [10].

By contrast, they reported that the best fit between the exper-
imental and theoretical fiber fuse velocities was obtained when
the value of the Ge-doped silica core at 2293 K was assumed
to be m at 0.5 m [9]. This large value, however,
could not be estimated by using their Arrhenius equation [9],
[10]. Therefore, the exact mechanism causing the increases in
the optical absorption in a Ge-doped silica core at high temper-
atures remained unclear until now.

Furthermore, Hand and Russell reported that the electrical
conductivity of the fiber core increased with temperature and
the hot spot at the fuse center was plasmalike [9]. Kashyap con-
sidered that the large values may be attributable to an en-
largement in the value of the fiber core at high temperatures
above [7]. However, it is well known that silica glass is a
good insulator at room temperature, and the electrical conduc-
tivity in silica glass below 1073 K is due to positively charged
alkali ions moving under the influence of an applied field [16],
[17]. The ionic conduction in the glass is not related solely to
the optical absorption. Therefore, the exact mechanism causing
the increase in the value and the relationship between and

in silica glass at high temperatures above 1273 K has also re-
mained unclear until now.

In this paper, we describe a high-temperature loss-increase
mechanism in the SM optical fibers and estimate high-temper-
ature values at laser wavelengths of m. We use these
values to study the unsteady-state thermal conduction process
in a step-index SM optical fiber theoretically with the explicit
finite-difference technique.

II. HIGH-TEMPERATURE OPTICAL ABSORPTION

IN OPTICAL FIBERS

A. Point Defect Formation and Electronic Conduction

It is well known that point (Frenkel) defects (Si and Ge
centers) are induced in Ge-doped silica-core optical fiber at high
temperatures [18], [19]. centers are associated with oxygen
vacancies X Si X Ge or Si [20]. Ge centers are
stable at high temperatures above 873 K, but the Si center
concentration decreases above 573 K and cannot be measured
above 973 K [19]. In their fiber fuse experiments, Hand and Rus-
sell found that ESR studies of damaged Ge-doped silica-core
fiber showed a strong Ge fingerprint [9]. Therefore, the Ge

centers play an important role in the fiber fuse phenomenon.
The thermally induced Ge centers are produced through

the following reactions:

Ge O Si Ge Si O (1)

Ge Si Ge Si (2)

Fig. 2. Temperature dependence of absorption induced by heating Ge
(4 mol%)-doped silica-core fibers. The thin and thick solid lines were
calculated by using (6) and (4), respectively. The open circles are the data
reported by Kashyap [7].

According to the point defect model [19], the Ge concentra-
tion in the Ge (4 mol %)-doped silica-core fiber heated
at is obtained as

(3)

where eV is the formation energy of the Ge
centers, cm is the concentration of the
precursors of the Ge centers, and is Boltzmann’s constant.

Equation (2) represents the thermal ionization of the Si atoms
in the precursor Ge Si , together with the formation of the
Ge centers. The electrons produced in this process can move
in the silica core. This means that the thermally ionized silica
core has a measurable electrical conductivity . As the electron
concentration , the temperature dependence of
for a Ge (4 mol %)-doped silica core is approximately given by

(4)

where is the electronic charge, and is the drift mobility
of electrons in the silica core. The value obtained from the
measurements ranged from 7 to 63 cm V s [21] because the
intrinsic drift mobility was masked by electron trapping or im-
purity scattering, which always give values that are lower
than the intrinsic value.

The absorption due to the value is given by [22]

(5)

where and are the permeability and the velocity of light
in a vacuum, respectively. is the refractive index of
the core.

By using cm V s and (4) and (5), we can estimate
the values as a function of . The result is shown as a thick
solid line in Fig. 2. The data reported by Kashyap (measured at
1.064 m) [7] are plotted in this figure. The calculated values
appear to be in fairly good agreement with the experimental
values obtained at 1.064 m.

It is noteworthy that the loss increase observed at 1.064 m
is not directly related to the absorption of the Ge centers.
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It was found that the radiation-induced absorption coefficient
increased with the Ge center concentration [23], [24]. An
value of about 0.0594 m was observed at 1.064 m for

Ge cm [23]. By using (3), the value,
which is related to the Ge center, of the Ge (4 mol %)-doped
silica-core fiber measured at 1.064 m is given by

(6)

where m . By using (6), the values
at 1.064 m can be calculated as a function of . The results are
shown as a thin solid line in Fig. 2. The calculated values at
1.064 m were much smaller than the experimental values. This
means that the loss increase observed at 1.064 m can be well
explained by the electronic conductivity caused by the thermal
ionization of a Ge-doped silica core, but it is not directly related
to the absorption of the Ge centers.

It has been reported that large values of the order of
m are necessary to obtain the best fit between the

experimental and theoretical fiber fuse velocities in Ge-doped
silica-core fibers operating at high temperatures above 2273
K [7], [9]. We estimated the values above 2273 K using

cm V s and (4) and (5). The calculated was
m at 2873 K. This value was about two orders

smaller than the value m reported by
Kashyap et al. [7], [13]. Furthermore, it has been reported
that the values at high temperatures are gradually reduced
by electron scattering via interaction with the longitudinal
optical (LO) phonon modes [25]. Therefore, we need another
loss-increase mechanism at high temperatures above 2273 K to
explain the large m values.

B. Effect of SiO Formation on Absorption

It has been reported that, at elevated temperatures, silica glass
is thermally decomposed by the reaction [26]

SiO SiO O (7)

SiO vapor is condensable, and the color of SiO solid, which
is produced by the slow quenching of SiO vapor, can range
from light brown to black [27]. This color is similar to that of
the slightly darkened material in the region immediately sur-
rounding the fiber core damaged by the fiber fuse phenomenon
[6]. If the thermodynamic equilibrium constant for (7) is , the
SiO concentration is approximately given by the following
equation under the neutral condition :

(8)

where mol cm is the initial concentration
of SiO . The equilibrium constant can be estimated by using
the free energy change for the corresponding reaction as
follows:

(9)

Fig. 3. Temperature dependence of the SiO concentration.

where is the gas constant, and and are the heat
of the reaction and the entropy change, respectively. The
values were estimated by using published thermochemical data
[28] for SiO, O , and SiO . can be calculated by using the
estimated values. The relationship between and is
shown in Fig. 3. increases with increasing and gradually
approaches its maximum value mol cm at

K.
Philipp reported that the optical absorption spectrum of SiO

solid is similar to that of crystalline Si because there are many
Si–Si bonds in SiO solid and that the absorption coefficients

for SiO near the threshold energy should be about one-
twentieth the absorption for silicon [29]. The reducing factor
(about one-twentieth) of the value corresponded to the the-
oretical concentration of Si– Si tetrahedra in the SiO solid,
which was estimated with the random bonding model [30]. In
our calculation, however, we used one-thirtieth as the value
reducing factor. This reducing factor (one-thirtieth) was deter-
mined based on the fact that the homogeneity of the thermally
produced SiO solid in the silica glass was very poor, compared
with the SiO film prepared by Philipp.

The intrinsic values of crystalline Si were measured by
Dash and Newman [31]. At photon energies below 2.5 eV,
the absorption edge spectrum of Si can be interpreted in terms
of indirect optical transitions involving phonons [32]. The tem-
perature dependence of the at eV can be approxi-
mately described by the following equation [33]:

(10)

where eV is the energy gap, which varies with tem-
perature, and cm eV . K and
represents the phonon energy. It is well known that the value
decreases linearly with at K [32], [33]. Therefore,
the value (eV unit) at K is given by

(11)
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Fig. 4. Temperature dependence of the absorption at 1.064 �m induced by
heating Ge (4 mol %)-doped silica-core fibers. The thin and thick solid lines
were calculated by using (5) and (10), respectively.

where to eV/K is the temperature coef-
ficient of the energy gap. The values resulting from the
SiO absorption at can be estimated to be , where

.
Therefore, the values of Ge-doped silica-core fibers at high

temperatures can be summarized as follows:

(12)

By using (5) and (10) and the calculated values shown in Fig. 3,
we can calculate the temperature dependences of the and

values at 1.064 m eV . The results are shown
as two solid lines in Fig. 4. At 3123 K the value was about

m . This value is close to the experimental value
m reported by Kashyap et al. [7], [13].

This means that the value at high temperatures above 2273 K
is mainly determined by the interband absorption of SiO ther-
mochemically produced in the silica glass.

In Section III, we describe the results of some numerical cal-
culations related to the thermal conduction process in a step-
index SM optical fiber.

III. SIMULATION OF FIBER FUSE IN SM OPTICAL FIBER

A. Heat Conduction in Optical Fiber

We assume the SM optical fiber to have a radius of and to
be in an atmosphere of . We also assume that part of the
core layer is heated and has a length of and a temperature of

(see Fig. 5). In the hot zone, the values are larger
than those of the other parts of the core layer. Thus, as the light
propagates along the normal direction (the direction away from
the light source) in this zone, considerable heat is produced by
light absorption.

The heat conduction equation for the temperature field
in step-index SM optical fiber is given by [34]

(13)

where , , and are the density, the specific heat, and the
thermal conductivity of the fiber, respectively. The last term

Fig. 5. Schematic view of the hot zone in the core layer.

in (13) represents the heat source caused by light absorption,
which is required only for the hot zone in the fiber core. can
be given by

(14)

where is the optical power intensity of the core layer. We
assume that the value for the fundamental HE mode of
step-index optical fiber can be given by dividing the transmis-
sion power in the core layer by the area of the spot size. That is,

is given by

(15)

where is the spot size radius and is the optical power carried
by the HE mode. is the propagation constant in the direc-
tion, and is the normalized frequency. and are the normal-
ized transverse wavenumbers in the direction in the core and
cladding, respectively. is the th-order Bessel function.

The value is known to be related to both the value and
the radius of the core layer as follows [35]:

(16)

In the following subsection, we frequently use the average
power density defined by the following equation:

(17)

B. Several Conditions for Heat Conduction

Silica glass has a melting point of 1996 K at which it changes
from the amorphous solid phase to the viscous liquid phase [36].
The phase transition of the silica glass causes the temperature
dependence of the specific heat to change drastically. The

values kJ kg K unit) of the silica glass are given
by [36]

if K
if K.

(18)

Furthermore, the silica glass has a vaporization (or thermal
decomposition) point of about 3000 K, where it changes from
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TABLE I
THERMAL PROPERTIES OF SILICA GLASS IN VARIOUS PHASES

the liquid phase to the vapor phase [36]. At K, sub-
stantially all of the silica glass is thermally decomposed to the
mixture of SiO and O gas, as shown in Fig. 3. High-density O
gas [7], [37] is produced in this vaporization process. Therefore,
it is assumed that the value in the vapor phase is the same as
that (1.323 kJ kg K ) of the high-density O gas.

The thermal properties ( and values) of the silica glass are
summarized in Table I.

We solved (13) by using the explicit finite-difference method
(FDM) [38] under the boundary and initial conditions described
below. The area for the numerical calculation had a length

cm in the axial ( ) direction and a width m in
the radial ( ) direction. There were 24 and 2000 divisions in
and , respectively, and we set the calculation time interval at
1 s. We assumed that the hot zone was located at the center of
the fiber (length ) and that the length of the hot zone was
500 m.

The boundary conditions are as follows.

1) There is an axisymmetrical distribution of the optical
fiber, whose center axis is located at .

2) There is a heat source given by (14) at the hot zone in
the fiber core.

3) Heat loss is assumed to occur through radiation from the
surfaces of the fiber cladding and the fiber ends
as follows:

(19)

(20)

where is the Stefan–Boltzmann constant and
is the emissivity of the surface. Below, is assumed to
be 298 K.

By contrast, the initial conditions are that the value of the
optical fiber, except in the hot zone, is at and that the
core-center temperature in the hot zone equals .

When the core layer is heated above the vaporization point of
silica C , an enclosed hollow cavity is produced in the
core center. This cavity contains oxygen, which is produced by
the reaction given by (6). The heat conductivity of the oxygen
(0.03 W m K ) is two orders smaller than that of the silicate
glass. Therefore, the heat transferred in the silica core will be
stopped at the cavity. We assume that the cavity has a refractive
index and a length .

When the light propagates through the fiber core along the
direction (the direction away from the light source), the value
decreases because of the light absorption . The light propa-
gating in the core layer will be reflected at the cavity wall. When
the light direction is reversed at the cavity, the multiple reflec-
tion in the cavity walls must be considered. In this case the light

propagates through the fiber core of length , and then
back and forth in the hot zone, whose length and absorption
are and , respectively. By considering these points, the

value is given by

(21)

where is the initial optical power and is the reflectance
of the optical power at the cavity. The values under multiple
reflection are given by [39]

(22)

where is the wavelength of the guided light in the SM fiber
and is the reflectivity at the boundary of the silica core and
the cavity. is given by

(23)

As shown in (22), the value under multiple reflection de-
pends on the cavity length .

In the following section, we describe the calculated time
dependence of in SM optical fibers.

C. Propagation of Fiber Fuse in SM Optical Fiber

In the calculation, we used the refractive index data of
and at m, where is the

refractive index of the cladding. In this case, the value was
about 3.34, and the spot size radius was about 4.5 m.

We calculated the values at 6, 22, and 38 ms when
K and W. The calculated results are shown

in Figs. 6–8. As shown in Fig. 6, the core-center temperature
near the hot-zone end mm changes abruptly to the large
value of K after 6 ms. This rapid heating phenom-
enon initiates the “fiber fuse” phenomenon as shown in Figs. 7
and 8. We define this time (6 ms) as the beginning time of a
fiber fuse. After 22 and 38 ms, the high-temperature front in the
core layer reached 6.6 and 13.8 mm, respectively. The av-
erage propagation velocity can be estimated to be 0.42 m s
by using these data.

Next we investigated the dependence of both the and
values. There was no fiber fuse when W. We esti-

mated the and values from the time course of the fiber-fuse
front positions in the core layer at various values from 0.98
to 10 W when K. The calculated results are shown
in Fig. 9. It is clear that the value increases as the value
decreases, and there is a rapid increase in the value below

W. We define this value (0.98 W) as the threshold
power at 1.064 m for the beginning of the fiber fuse.

The value increases as the value increases. It is well
known that there is a linear relationship between the values
and the average power density , rather than the value [7],
[12]–[14]. Fig. 10 shows the dependence of the value.
The data reported by Kashyap for Fiber A [7] and those reported
by Davis et al. for SMF28 fiber [12] are plotted in this figure.
When we plotted the data obtained by Kashyap [7], we used
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Fig. 6. Temperature field in SM optical fiber after 6 ms when P = 2 W and T = 2723 K.

Fig. 7. Temperature field in SM optical fiber after 22 ms when P = 2 W and T = 2723 K.

Fig. 8. Temperature field in SM optical fiber after 38 ms when P = 2 W and T = 2723 K.

m, which was estimated by using ,
m, and (16). As shown in Fig. 10, the value is linearly

proportional to the value. The calculated values agree
well with the experimental values.

By contrast, Dianov et al. reported that the experimentally
determined threshold intensity was about 1.45
MW cm at 1.064 m when m [5]. As shown in

Fig. 10, the theoretical value is about 1.54 MW cm , which
is almost the same as the experimental value (1.45 MW cm ).

D. Wavelength Dependence of Threshold Power

It is well known that a pump source with a high optical power
is needed to obtain a large Raman gain in Raman amplifier-
based optical network systems [2], [4]. The value, therefore,
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Fig. 9. Power dependence of the beginning time and the propagation velocity
when T = 2723 K.

Fig. 10. Power density dependence of the propagation velocity when T =

2723 K. The open circles are the data reported by Kashyap [7] and the closed
circles are the data reported by Davis et al. [10].

becomes a measure of the upper safety limits of both the pump
and the Raman amplified optical power. We estimated the
values, and the dependence of the values at two wave-
lengths, 1.48 and 1.55 m. The former (1.48 m) is the typ-
ical wavelength of the pump laser for Raman amplifiers, and the
latter (1.55 m) is the typical wavelength used for optical-fiber
communications.

In the calculation, we used refractive index data of
and at 1.48 m and and

at 1.55 m. In this case, the values at 1.48 and
1.55 m were about 2.40 and 2.29, respectively. The values at
1.48 and 1.55 m, which were estimated by using the values,

m, and (16), were about 5.5 and 5.7 m, respectively.
The hot zone temperature was set at 2773 K at 1.48 and 1.55

m, which was 50 K higher than that for m.
We calculated the dependence of the values at 1.48 and

1.55 m. The calculated results are shown in Fig. 11, together
with the results for m. From this figure, we can esti-
mate the values at 1.064, 1.48, and 1.55 m to be 0.98, 1.10,
and 1.26 W, respectively. It is clear that the value increases
as the laser wavelength increases. A similar phenomenon was
reported by Seo et al. [40].

Fig. 11. Power dependence of the beginning times at 1.064, 1.48, and 1.55�m.

Fig. 12. Power density dependence of the propagation velocity at 1.48 �m.
The open circles are the data reported by Atkins et al. [15].

By contrast, Dianov et al. reported that the experimentally
determined values were almost constant MW cm
when the values were larger than m [5]. Therefore, we
estimated the values by using the and values at 1.48
and 1.55 m. The calculated values were about 1.16 MW
cm at 1.48 m m and about 1.23 MW cm
at 1.55 m m . These theoretical values agree
well with the experimental value MW cm .

Next, we examined the dependence of the values at
1.48 and 1.55 m. Fig. 12 shows the dependence of the
value at 1.48 m. The data reported by Atkins et al. [15] are
plotted in this figure. The calculated values agree well with
the experimental values. The value is linearly proportional to
the value, and the slope of the line is similar to that shown
in Fig. 10. To clarify this, the dependence of the values at
1.064, 1.48, and 1.55 m are plotted in Fig. 13. It is clear that the
relation curve between the and the value of 1.064 m is
almost the same as the curve of 1.48 m. However, the values
estimated at 1.55 m were smaller than those of 1.064 and/or
1.48 m. It is not clear why this phenomenon occurs only at
1.55 m and is not observed at 1.48 m. If we are to clarify this
phenomenon, we must undertake experimental studies of the
measurements at 1.55 m. Further investigations focused on the
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Fig. 13. Power density dependence of the propagation velocities at 1.064,
1.48, and 1.55 �m.

fiber fuse phenomena at 1.48 and 1.55 m are under way in our
laboratories.

IV. CONCLUSION

The large absorption coefficient of SM optical fiber at high
temperatures is closely related to the generation of the fiber
fuse phenomenon. We considered a high-temperature loss-in-
crease mechanism, which includes two factors that bring about
an increase in the values: 1) electronic conductivity caused
by the thermal ionization of a Ge-doped silica core and 2) ther-
mochemical SiO production in silica glass. By using the mecha-
nism, we estimated the values of Ge-doped silica-core fibers at
high temperatures. Then we studied the unsteady-state thermal
conduction process in a step-index SM fiber theoretically using
the explicit finite-difference method. The core-center temper-
ature changed suddenly and reached over K when a
1.064- m laser power of 2 W was input into the core layer
heated at 2723 K. This rapid heating of the core initiated the
“fiber fuse” phenomenon. The high-temperature core areas were
enlarged and propagated toward the light source. The propaga-
tion rates of the fiber fuse estimated at 1.064 and 1.48 m were
in fair agreement with the experimentally determined values.
We found that the threshold power for the beginning of the fiber
fuse increases from 0.98 to 1.26 W when the input laser wave-
length is increased from 1.06 to 1.55 m.
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