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In this study, original experimental data for fiber fuse in kW-level continuous-wave (CW) high power double-clad
fiber (DCF) laser are reported. The propagating velocity of the fuse is 9.68 m/s in a 3.1-kW Yb-doped DCF laser. Three
other cases in Yb-doped DCF are also observed. We think that the ignition of fiber fuse is caused by thermal mechanism,
and the formation of bullet-shaped tracks is attributed to the optical discharge and temperature gradient. The inducements
of initial fuse and formation of bullet-shaped voids are analyzed. This investigation of fiber fuse helps better understand the
fiber fuse behavior, in order to avoid the catastrophic destruction caused by fiber fuse in high power fiber laser.
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1. Introduction

Fiber fuse, which is caused by thermal mechanism, re-
sults in catastrophic destruction in the optical fiber core in
which laser light is transmitted. The fuse propagates from its
original point towards the laser light source, leaving a series
of single, bullet-shaped cavities in the core. Fiber fuse can
be initiated by external intervention at intensity levels ranging
from 1 MW/cm? to 3 MW/cm?. Compared with the intrinsic
damage limit (~ 10 GW/cm?) of silica,!!! the threshold power
density level of fiber fuse is, clearly, many orders of magnitude
lower.

In recent years, high power fiber lasers that operate at
continuous-wave (CW) have played an increasingly important
role in many applications. The intensity of kilowatt output
laser is at a level of a few hundred MW/cm?. Fiber fuse oc-
curs more readily and causes more severe destruction under
such a circumstance. It is necessary to study the fiber fuse in
CW high power fiber laser to avoid triggering the fiber fuse.

Research regarding the fiber fuse first began in 1987.
Since then, fiber fuse has been induced by several different
ways. Direct heating is the approach that researchers most
commonly utilize to trigger fiber fuse.!>3! The fiber fuse was
successfully triggered by contacting the fiber output end with

[1-4] Simply bending the fiber could also

absorbent materials.
induce the fuse.!>%! In addition to deliberate external inter-
vention, unintentional intervention, such as absorbing impu-
rities on the fiber output end, could induce the fuse.!”) In these
experiments, laser intensities in the fiber core were between
1 MW/cm? to 3 MW/cm? and the propagating speeds of the

fuses are between 0.3 m/s and 3 m/s. The fibers in which

DOI: 10.1088/1674-1056/25/1/014204

fiber fuse occurred were single-clad with core diameters less
than 10 um. Several hypotheses exist to explain fiber fuse
behavior based on the experimental data available, including
self-propelled self-focusing, ! solitary thermal shock wave, )
exothermic chemical reaction, 8! Rayleigh instability of capil-
lary effects[®! and a two-step thermal mechanism.”! Dianov ez
al. observed fiber fuse propagating with a velocity of 10 m/s
in singer mode fiber under 40-W laser power.!'”) However,
because limited experimental data exists for fiber fuse occur-
rence in high power fiber laser with large mode area (LMA)
fiber, the fiber fuse phenomenon is as yet unclear, especially
in the kilowatt-level high power CW fiber laser.

In fact, the fiber fuse can also occur in double-clad fibers
of high power fiber lasers. Wang et al. explained the thermal
mechanism causing fiber fuse in the high numerical aperture
(NA), Yb-doped double-clad fiber (DCF) with a core diameter
of 10.5 um. But they did not mention the characteristics of
fiber fuse in high power fiber lasers, nor the output power of
the fiber laser when fiber fuse occurred.!”! Zhang et al. inves-
tigated fiber fuse in a DCF with a core diameter of 30 um. The
laser power was 400 W and laser intensity was 56 MW/ cm?
when the fiber fuse was ignited.!!!!

In the present paper, original experimental data for fiber
fuse in a CW high power DCF laser are reported. The fiber
fuse occurring in the core of the LMA double-clad fiber in-
cludes active fiber doped with ytterbium and inactive fiber
doped with germanium. The propagating velocity of the fuse
is 11.7 m/s when laser intensity is 541 MW/cm? in Yb-doped
DCEF. Three other fuses in Yb-doped DCF are additionally ob-
served. The mechanisms of the initial fuse and the formation
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of bullet-shaped voids are analyzed, and methods of prevent-
ing fiber fuse are suggested.

A comprehensive observation of fiber fuse phenomena
helps better understand the fiber fuse behavior in order to avoid
the catastrophic destruction caused by fiber fuse in high power
fiber lasers.

2. Fiber fuse phenomena in CW high power
DCF laser

Fiber fuse occurs five times in the kW-level CW high
power all-fiber laser experiments due to unintentional inter-
vention. The experimental setup, a master oscillator power
amplifier (MOPA) configuration, is shown in Fig. 1. The seed
is an all-fiber 1080-nm fiber laser with 300-W output power.
It provides signal light for the amplifier. The output fiber of
the seed is Ge-doped DCF. The core diameter of the Ge-doped
DCF is 20 um and its inner cladding diameter is 400 wm. The
amplifier is cladding-pumped by six laser diodes (LDs) with
a (6+1) x 1 coupler. The central wavelength of each LD is
975 nm. The maximum output of each LD is 650 W. The gain
medium used in the experiment is Yb-doped DCF, with an in-
ner cladding diameter of 400 pm. Two types of gain fibers
with different core diameters, 20 pm and 30 wm, are used.
The corresponding cladding absorption coefficients of the Yb-
doped fibers are 1.4 dB/m and 1.8 dB/m at 975 nm. Each gain
fiber is 20 m in length.

The fiber fuse in the experiment is initiated in the Yb-
doped DCF near the output end. A bright spark caused by
fiber fuse is observed propagating in the opposite direction of

the laser. Before we shut down the power supply of the fiber
laser system, the fuse propagates 2—4 m in the fiber in less than
0.5 s. The fiber fuse process is recorded by a video camera.
The propagating time of fiber fuse is calculated by counting
the number of the frames with spark light. The length of fiber
with damage track is the propagating length of fiber fuse. In
the core of the fiber where fiber fuse occurs, a damage track
mainly composed of bullet-shaped voids is found. The laser
power, core diameter, laser intensities, and fiber fuse parame-
ters at the point where fiber fuse occurs are listed in Table 1.
Since the unabsorbed pump power in the last few meters of
Yb-doped DCF near the output end is very low, the signal
light power in this segment of DCF before the fuse ignition
is considered to be a constant value. Besides, as the size of in-
ner cladding is larger than core size, the intensity of pumping
light which is at a level of 10 kW/cm? in the inner cladding of
the last few meters of DCF is far below the intensity of signal
light. Thus, the influence of the pump light on the fuse be-
havior is insignificant. Therefore, we can obtain the average
velocity of fiber fuse with the ratio of propagation length to
the time of fiber fuse. Corresponding laser power density in
the fiber core varies from 350 MW/cm? to 541 MW/cm?,
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Fig. 1. (color online) All-fiber laser system with MOPA configuration.

Table 1. Parameters of fiber fuse propagation.

Propagating length Propagating time Average velocity

Laser power/kW Core diameter/pm Laser intensity/(MW/cm?)
of fiber fuse/m of fiber fuse/s of fiber fuse/(m/s)
1.1 20 350 3.52 0.45 7.82
1.3 20 413 3.15 0.36 8.75
3.1 30 438 2.71 0.28 9.68
1.7 20 541 2.78 0.24 11.58

The initiation and propagation of fiber fuse can be de-
scribed as a process of heat accumulation and heat transfer
with a heat source. To examine the velocity of fuse propaga-
tion in the kW-level CW fiber laser, the relationship proposed
by Hand and Russell®! is utilized

(2pviCp/Kkap) = — 1+ [1+41/kap (T —T)]'?, (1)
where p is the density, V¢ is the velocity of fiber fuse, C;, is the
specific heat, k is the thermal conductivity, 7; is the temper-
ature at which the absorption abruptly grows large, 7, is the
ambient temperature, @, is the absorption of the core, and I is
the intensity in the core.

I F —result of Eq. (1)
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Fig. 2. Velocity of fiber fuse versus laser intensity in Yb-doped DCF of
high power CW fiber laser.
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For the Yb-doped DCF, p = 2200 kg/m3, C,=13237J-
kgt K k=92 W-m K, o =33x10* m!,
T; = Ty, = 2000 K, and T,= 298 K. The velocities v; of the
fiber fuse under different intensities in the DCF of kW-level
CW fiber lasers are shown in Fig. 2. The average velocity of
fiber fuse increases with the laser intensity. Experimental data
are in accordance with simulation results.

Most damage tracks of the fuse in Yb-doped DCF are
bullet-shaped. Figure 3 shows the typical catastrophic destruc-
tion of the DCF cores that occur in these experiments. The
distance between any two bullet-shaped regions ranges from
tens of micrometers to over one hundred micrometers. But we
can find some relatively regular parts and manage to calculate
the average sizes of the voids in a long range statistically. The
average period and length of voids are shown in Table 2. The

average period of voids increases with laser intensity increas-
ing. The average length of voids increases with laser intensity
increasing under the condition of the same core size, which
corresponds with the results in Ref. [5]. When the core diam-
eter is 30 um and the laser power is 3.1 kW, the laser intensity
is not the highest, but the void is the longest. This is related to
the larger core size of the fiber.

resseR—e= s

Fig. 3. (color online) Catastrophic destructions caused by fiber fuse in
CW high power Yb-doped DCF laser when I = (a) 350 MW/cm?, (b)
413 MW/cm?, (c) 438 MW/cm?, and (d) 541 MW/cm?.

Table 2. Sizes of bullet-shaped track.

Average period Average length

Laser power/kW Core diameter/pm Laser intensity/(MW/cm?) i 1
of voids/um of voids/um
1.1 20 350 64.36 26.09
1.3 20 413 167.36 57.58
1.7 20 541 233.14 73.83
3.1 30 438 188.05 96.21

Some of the cavities in the core show less regularity, and
some voids are distorted due to mechanical stress of DCF. Fig-
ure 4 depicts specific types of destruction when laser intensity
is 438 MW/cm?. In some parts of the tracks near the point
where fiber fuse is terminated several damage regions overlap,
forming indiscrete damage track. When the power intensity is
at a high level, fuse propagation in the core of the DCF is more
intense and unstable, causing more severe damage to the fiber.

Fig. 4. Unstable patterns in Yb-doped DCF with laser intensity being
438 MW/cm?. (a) Dot-shaped track; (b) line-shaped track; (c) distorted
bullet shaped track; (d) indiscrete damage track.

3. Inducement of fiber fuse and formations of
bullet-shaped tracks in kW-level CW fiber
laser

Though numerous hypotheses already exist which at-
tempt to explain fiber fuse, the most common cause is con-
sidered to be the thermal mechanism.!'=3!12-141 All the fiber
fuse initiation methods mentioned above create a hot zone with
high temperature in the core.

In a fiber laser system, due to the quantum defect inherent
to the process of laser amplification, most of the pump energy

absorbed by the gain fiber is converted into signal light en-
ergy, while the remaining energy is emitted in the form of heat
through the gain fiber. At certain points of a gain fiber, if it
is not properly cooled, the generated heat causes temperature
to rise as more and more laser energy is converted into heat
at such points, ultimately forming hot zones where fuses are
typically induced.

Considering the physical process of a typical fiber fuse,
the dynamics of the fiber fuse is governed by the following set

of equations:[!%15-19]
o(T) = apexp[—Er/kT], &
0=—al, (3)
oT
Pcpy +V-(—xVT) =Q, @

where « is the absorption of the core, Ef is the activation en-
ergy, T is the core temperatures, kg is Boltzmann’s constant,
Q is the heat density, [ is the intensity in the core, p is the
density, G, is the specific heat, and k is the thermal conduc-
tivity. Equation (2) suggests that absorption coefficient is a
function of the temperature. Equation (3) reflects the origin of
heat density as relative to the absorption and the intensity of
laser. Equation (4) is the heat transfer equation with a source.

These equations, based on thermal mechanism, success-
fully describe fiber fuse ignition as it occurs during the exper-
iments in this study. First, due to unintentional intervention, a
hot zone emerges somewhere in the fiber, changing the laser
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absorption in the core of the fiber. Then, under the operation
of the laser, a heat source is produced which further raises up
the temperature in the fiber core. When the temperature in-
creases up to a threshold, the absorption of the fiber core rises
abruptly to a high level, leading to sharp rise in temperature.
The high temperature conditions cause the core of the fiber to
melt, or even to vaporize.

The thermal mechanism, however, fails to adequately ex-
plain the formation of bullet-shaped damage region. In this
study, this type of damage is attributed to the optical dis-
charge and temperature gradient, similar to previous reports
by Todoroki with detailed experimental data.*>! As proposed
by Yakovlenko, once the fuse is triggered, there occurs a high-
density negative charge layer at the plasma-fluid border.*’]
The repulsion of similar charges produces an extraneous pres-
sure that forces out the liquid layer, forming a series of bullet-
shaped tracks.

The average period and length of the voids show some
patterns in DCF. However, compared with the case of the
known fiber fuse in single-mode fibers, the void formation in
the DCF is more unstable. Although we calculate the aver-
age speed of the fiber fuse in DCF laser, the instantaneous
velocity is not identical at each position. Most parts of the
damage tracks show poor periodicity in short distance. We
suppose that this can be partly attributed to the fact that there
are more transverse modes in the core of the DCF, and the
margin of certain high-order transverse modes can exist in the
inner cladding. These transverse modes make the thermal con-
dition in the DCF different from that of a single-mode fiber.
The number of transverse modes increases with the increase
of laser power. In addition, during the operation of the fiber
laser, we monitor the temperature of the outer surface of DCF.
The highest temperature of the Yb-doped DCF, when fiber
fuse occurs, is not fixed. We find that when the laser inten-
sity becomes higher, the fiber fuse can be triggered at lower
temperature. We suppose that the transverse modes of higher
intensity laser may result in the uneven distribution of laser in-
tensity, causing some part of fiber core to become overheated
more easily. This means that the high-order transverse modes
of DCF in high laser intensity may be responsible for the fiber
fuse behavior in kW-level DCF laser.

As mentioned above, to prevent fiber fuse in the kW-level
fiber laser, it is necessary to avoid hot zones in the core. In
a kW-level all-fiber laser system, it is essential to select fibers
that show less defects, and to keep the fiber end surface clean
during the assembly process. When operating the kW-level
all-fiber laser system, the temperature of the fiber must be
carefully monitored for hot zones. An efficient cooling sys-

tem for the fiber must be adopted. Because the velocity of fiber
fuse in the high power CW fiber laser is so high, it is necessary
to shut down the power supply of the fiber laser immediately
upon fuse initiation in order to minimize the damage.

4. Conclusions

In this study, we report original experimental data for
fiber fuse in a CW high power DCF laser.
observed in a 3.1-kW fiber laser and another three with

Fiber fuse is

lower power. The laser intensities when fiber fuse oc-
curs are 541 MW/cm?, 438 MW/cm?, 413 MW/cm?, and
350 MW/cm? in the Yb-doped DCF, and the propagating ve-
locities of fuse are 11.7 m/s, 9.6 m/s, 8.5 m/s, and 7.8 m/s,
respectively. The cause of the initial fuse and resulting se-
ries of bullet-shaped tracks are also analyzed. Fiber fuse is
triggered due to the thermal mechanism. The formations of
bullet-shaped tracks are attributed to the optical discharge and
temperature gradient.

Fiber fuse phenomena provided in this paper help us to
more completely understand the fiber fuse behavior, in efforts
to better avoid the catastrophic destruction caused by fiber fuse
in high power fiber laser.
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