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Fig. 1 Pictures of the fiber fuse phenomenon. (a) The
real-time fiber fuse propagation through a fiber

coiled on a cylinder, recorded by a 240-frame-per-

second camera, and the numbers in brackets are
consecutive frames; (b) ongoing fiber fuse in a

3-kW fiber laser system
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Fig. 2 Optical spectra of fiber fuse. (a) Data by D. P. Hand, et al.®™, which compares their measured spectra with

theoretically derived blackbody spectra; (b) data by S. Todoroki”® in similar comparison; (c¢) data by E. M.

Dianov, et al.®™ comparing the measured spectra with theoretical blackbody spectra of 10500 K, 7900 K, and 4700 K;

(d) data by F. Domingues, et al. ™ ; (e) the color coordination by F. Domingues, et al.

gamut to show the temperature of fiber fuse; (f) data by Y. Mizuno, et al.

B3] which uses a color

B4 obtained in polymer optical fibers and

comparison with theoretical blackbody spectra of 4600 K, 3600 K, and 2600 K; (g) spectra measured before and

during the fiber fuse, by the authors of this paper; (h) the spectrum obtained by using the data in Fig. 2(g)
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Fig. 3 Propagation speed of fiber fuse and the optical power (density) in the fibers.

studies, by D. D. Davis, et al.®";

; (b) velocity measured by E. M. Dianov, et al. b

(a) Data collected from previous

57 the legend distinguishes

two kinds of fibers, and the left-side vertical coordinates show temperature calculated by blackbody theory; (c) data

from E. M. Dianov, et al.

in a 3-kW-peak-power pulsed fiber laser™”

; (d) data from S. Jiang, et al., pictures

from the left to the right show the results respectively in single-mode Ge-doped fiber, single-mode pure-silica fiber,

and double-clad fiber™"
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Fig. 4 In-fiber microcavities generated by fiber fuse. (a) The schematic evolutionary process of the generation of in-fiber

microcavities during fiber fuse™ ; data from (b) S. Todoroki 7| (c¢) R. Kashyap, et al. ™| (d) Atkins, et al. ts2d |

(e) Dianov’s team"" in a 3-kW-peak-power pulsed fiber laser, (f) Y. Mizuno, et al. in polymer fibers™" | (g) H.

Zhang, et al. ™, (h) the authors of this paper™” under 350, 413, 438, and 541 MW/cm®, respectively for the

subplot and four pictures in the second row are irregular cavity in optical fiber under 438 MW/cm®, and (i) the

authors of this paper®™ in a 3-kW-continuous-wave-power fiber laser; in graded-index fiber (j) the fiber fuse
termination point, (k) the inversed bullet-shape microcavities, and (1) the long microcavities; (m) the fusion-

splicing point after fiber fuse
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Fig. 5 Test results of fiber fused samples. (a) Stimulated Raman spectroscopy results from R. Kashyap™* ,

of which the

peaks around 1555 cm~ ' manifests existence of oxygen; (b) refractive-index (RI) profile measured in pre- and post-

[ri] |

fiber fuse samples, by E. M. Dianov, et al. ; (c) electronic spin resonance (ESR) results, by the authors of this

-
paper- -,

around 1555 cm™ !

show signs of defects in post-fiber-fuse samples; (d) Raman spectroscopy results

B8l which shows peaks

[38] |

; (e) RI profile results of pre- and post-fiber-fuse samples™ ; (f) ESR results showing three new

g values 2.0257, 2.0248, and 2.0230%"
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Fig. 6 Critical conditions for spontaneous initiation of fiber fuse
we removed the coating layers of the fibers carefully, put the undamaged naked fibers into a tube furnace and heated
it uniformly while applying constant input laser powers, and measured the conditions when fiber fuses were
triggered; (b) data analysis showing that an energy with a unit of eV, being different for diverse fibers, dominates

the conditions for each of the fibers; (c¢) critical temperatures and critical laser powers measured in four kinds of

fibers; (d) micrographs of the positions of the initiations of fiber fuses
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Fig. 7 Some results from simulations. Results from (a) D. P. Hand, et al. Ls.5]

showing the propagation velocity of a
thermal shockwave, induced by rapidly rising absorption (left-sided subplot), and its relation with the laser power

and the geometrical features of the fibers (right-sided subplot), (b) Y. Shuto, et al. [51.77.82. 90]

showing a high-
temperature point (up to 106 K) moving in the simulation grid (left column) and the physical models (right
column), (¢) S. 1. Yakovlenko, et al.™ showing the perceived formation of in-fiber voids (left-sided subplot,
first row) and the relation between propagation velocity (left-sided subplot, second row) and laser power density

(right-sided subplot, second row), and (d) A. Ankiewicz, et al. Lo1-92]
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Fig. 8 Experimental setups or systems for timely detection and monitoring of fiber fuses. (a) Detection by setting a

photodiode by the fiber, the right-sided subplot shows current responses when fiber fuse passed through™*” ;

(b) detection by monitoring the variation of in-fiber backward-propagating optical power

B, (¢) detection and

monitoring of fiber fuse using an optical frequency-domain reflectometry (OFDR), the right-sided columns showing

signals before, during, and after the fiber fuse®V ;

sided subplots show the variation of velocity of fiber fuse in singleemode and few-mode fibers
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Fig. 9 Methods and devices for stopping the propagation of fiber fuse. (a) An optical fuse made from TeO, """, which can

melt down when the in-fiber optical power exceeds certain thresholds, note that there were no fiber fuses being

4]

initiated in the original paper; (b) stopping fiber fuse propagation by tapered fibers®), in which fiber fuses were

found to stop propagating due to the decreased optical power density in the tapered region; effect of stopping fiber

[105-106]
s

fuse propagation by (c) the use of tapered fibers (d) a setup of fusion-splicing with hole-assisted fiber

[100] [110]

(HAF) " | (e) shutting off the power source , and (f) fusion-splicing with multimode fibers
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Fig. 10 Using fiber fuse as a tool for fabricating in-fiber Fabry-Perot (F-P) microcavity and its sensing applications. The

results that apply such methods for (a) strain sensor'*”

6]

, (b) high-sensitivity temperature sensor with an over-

600-pum-long F-P microcavity™, (¢) humidity sensor, with illustrating the steps of the whole process™*,

[128] ,

. (f) a strain sensor-'*

[133]

(d) FBG interrogator[lm, and (e) pressure sensor 1 and (g) a curvature sensor

which use fiber fuses in polymer fibers as fabrication steps
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Fig. 11 Using the controlled initiation of fiber fuse to fabricate high-quality-factor (high-Q) in-fiber microcavity in a single-

step manner. (a) Comparing the three fabrication strategies, that of the conventional methods (1), that in the

previous studies which used fiber fuse as a step to obtain craves on fiber facets (2), and that of the authors of this

paper, which proposed the one-step manner fabrication method™" ; (b) experimental setup for the one-step manner

fabrication of in-fiber microcavities using fiber fusel™™ ; (¢) so-fabricated high-Q in-fiber microcavities observed under

[136] | [136] |
5 ;

(e) transmission spectra of the microcavities,
[136]

optical microscope (d) setup for testing the microcavities
demonstration of strain sensing application with the Q factors of F-P resonances shown in the subplot
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Fiber Fuse Damage Effect in Fiber Lasers: A Review
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Tsinghua University, Beijing 100084, China ;
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Abstract

Significance Optical fibers are appealing objects that are both fragile and powerful. However, they are micro-
meter-class waveguides that are easily fractured by most external forces. Alternatively, another fact that is
surprisingly unnoticed is that they are the core make-up of our society. For example, tons of information at every
moment are loaded in the laser blood transmitting in the blood vessels of optical fibers and are used freely and timely
worldwide. Many objects are processed, welded, and machined by lasers, scaled up to bulk materials in buildings and
vehicles and down to micro- and nano-electronics. Optical fibers and fiber lasers are essential in various industrial
areas, including industrial manufacturing, biomedical sensing, smart wearables, or even quantum-encrypted
communications. Currently, the smooth running of day-to-day activities follows the safe, stable, and reliable
operation of optical fiber systems. Therefore, potential threats to the operation of optical fiber systems cannot be
treated with insufficient care.

A fiber fuse is a chain damage effect that propagates in optical fibers transmitting light. It was first reported in
1987 by Raman Kashyap, who at that time worked at a laboratory of British Telecom. Since then, fiber fuse damage
effects have been observed in almost all types of optical fibers made from a variety of materials, including silica and
organic polymers. It resembles a burning fuse emitting bright light from a moving spot; it happens spontaneously
provided suitable conditions and causes irreversible damage to online fiber components it passes through in the
inverse direction of the laser light. Therefore, it imposes a serious threat to many important technologies and
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applications nowadays, such as fiber communication networks and high-power fiber lasers. Studying mechanisms and
characteristics of fiber fuse are not only important for controlling the hazards but also beneficial for realizing novel
and effective methods for modifying fiber waveguide structures with more intimate aid from the laser inside.

Progress Studies discussing fiber fuse, ranging from former to the recent ones, are reviewed herein. Following
authors’ experiences with respect to the fiber fuse over the past decade, this study provides an introductory and to-
date knowledge on physical mechanisms of fiber fuse, prevention of fiber fuse, monitoring or mitigating its
propagation, and applications demonstrated using fiber fuse itself. Thus, directions for future research and major
existing problems are also discussed. Regarding the characteristics of fiber fuse, the black-body assumption for
obtaining the temperature of fiber fuse can be less rigorous because of the significant omission of other important
mechanisms of radiation. Also, oxygen is formed during the fiber fuse and has been left inside the in-fiber bubbles.
This implies that physical models that describe fiber fuse should focus more on chemical changes in the materials and
their effects on other characteristics of the ongoing phenomenon. The critical temperature and the critical laser
power conditions correlated with the initiation of fiber fuse, wherein the mathematical derivation directly suggests
that the initiation of fiber fuse is dominated by a chemical process of formation energy around 1 eV, depending on the
respective type of optical fiber, which may be attributed to the oxygen diffusion in the silica substances of the fibers.
Furthermore, applications of fiber fuse have been developed to an extent wherein highly sensitive fiber sensors of
various parameters are made using optical fibers damaged by fiber fuses as raw materials. Moreover, a possible
method that uses controlled initiation of fiber fuse without propagating fiber fuse as an effective noninvasive one-step
method to fabricate in-fiber microcavities, which are both highly cost-effective and hundreds of times faster than
conventional methods, is proposed herein.

Conclusions and Prospects  Studies discussing the fiber fuses in the past three decades have yielded many
important and useful findings. With such considerable knowledge on the external characteristics of the damaging
effect, however, there is room for deeper and further studies. Regarding the propagation characteristics of fiber
fuse, the propagation velocity of fiber fuse increases with increasing laser power in fibers but the acceleration rate
decreases. Nevertheless, in kilowatt-level high-power fiber lasers, the propagation velocity can be tens of meters
per second, which hinders safe operation. Regarding physical mechanisms, oxygen is formed during fiber fuses; the
initiation of fiber fuse is dominated by the diffusion of oxygen, which caused critical temperature and power
conditions for the initiation; the fiber materials during fiber fuse can be plasma state. A more inclusive and
comprehensive physical model for revealing more details and hidden characteristics of fiber fuse is necessary. Future
studies on fiber fuses could be extremely beneficial. Groundbreaking changes can root from studies of physical
mechanisms. If more physics of fiber fuse is revealed with rigorous theoretical and experimental proof, a wider
connection among parameters of design can be built for fiber systems and the stochastic spontaneous initiation of fiber
fuse can be avoided with assurance, which will profoundly secure many fields. Moreover, this will benefit the direct
application of fiber fuse as a material modification tool that can bring potentially various new in-fiber microstructures
into reality.

Key words laser optics; fiber fuse damage effect; high-power fiber laser; damage prevention and monitoring and
propagation termination; in-fiber microcavities; fiber sensing
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