IEC TR 61292-4

Edition 4.0 2023-01

REDLINE VERSION

\4
S

r the damage-free and safe use of

ers

@
>

owe

tical amplifiers —

L

rt 4: Maximum permissible optical p

TECHNICAL
REPORT

o
P

optical amplifiers, including Raman am

(US)ATYH L0-€202:7-26219 ¥ O


https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2023 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or

your local IEC member National Committee for further information.

IEC Secretariat Tel.: +41 22 919 02 11

3, rue de Varembé info@iec.ch

CH-1211 Geneva 20 www.iec.ch

Spitzerland
Abgut the IEC
Theg International Electrotechnical Commission (IEC) is the leading global organization that prepares and\publighes
Intdrnational Standards for all electrical, electronic and related technologies.
Ab¢ut IEC publications
The technical content of IEC publications is kept under constant review by the IEC. Please make sure’that you have|the
latelst edition, a corrigendum or an amendment might have been published.
IEC|publications search - webstore.iec.ch/advsearchform IEC Products & Services Portal’~products.iec.ch
Theg advanced search enables to find IEC publications by a Discover our powerful search,ehgine and read freely all| the
varipty of criteria (reference number, text, technical publications previews. With@subscription you will always Have
conjmittee, ...). It also gives information on projects, replaced  access to up to date canptent tailored to your needs.
and|withdrawn publications.

. . . . Electropedia - www.electropedia.org
IEC|Just Published - webstore.iec.ch/justpublished The world's leading online dictionary on electrotechnolpgy,
Stay up to date on all new IEC publications. Just Published  containing more*than 22 300 terminological entries in English
detgils all new publications released. Available online andonce  gnd French; with equivalent terms in 19 additional Iangua%es.
a mpnth by email. Also kriowlr as the International Electrotechnical VocabUlary
(IEVenline.

IEC| Customer Service Centre - webstore.iec.ch/csc
If yqu wish to give us your feedback on this publication or need
furtiher assistance, please contact the Customer Service
Cerjtre: sales@iec.ch.



mailto:info@iec.ch
https://www.iec.ch/
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
https://products.iec.ch/
http://www.electropedia.org/
https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

IEC TR 61292-4

Edition 4.0 2023-01
REDLINE VERSION

TECHNICAL
REPORT

“lolour
inside

Optical amplifiers —
Part 4: Maximum permissible optical powef for the damage-free and safe us¢ of
optical amplifiers, including Raman amplifiers

INTERNATIONAL
ELECTROTECHNICAL
COMMISSION

ICS 33.160.10; 33.180.30 ISBN 978-2-8322-6365-5

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

-2- IEC TR 61292-4:2023 RLV © |IEC 2023

CONTENTS

O T T 1 I PP 4
LN I 2 1 1 L O 1 PN 2
1 S COPE-aRE- OB OO, ..o 8
2 NOrMative referENCES .. o 8
3 Terms, definitions, and abbreviated terMS ..o 9
3.1 Terms and definitioNS. . ... 9
3.2 ADDrevialed Terms . . e .8
4 Maximum transmissible optical power to keep fibres damage-free ........................5 .9
4.1 LT =Y o= ¥ P S SUP .9
4.2 Fibre fuse and its propagation...........cccoeiiiiii i e M, 10
4.3 Loss-induced heating at connectors or splices .........covvveiiiiiiniict M, 11
4.4 Connector endface damage induced by dust/contamination .......¢ ..o, 12
4.5 Fibre coat burn/melt induced by tight fibre bending ...............c0 7 15
4.6 Summary of the fibre damage ... e e 16
5 Maximum transmissible optical power to keep eyes and skinsafe .......................o.ooe. 16
5.1 Maximum transmissible exposure (MPE) on the surface of eye and skin............... 16
5.2 Maximum permissible optical power in the fibre for’the safety of eye and skin...... 17
5.2.1 GENEIal e T e =
5.2.1 Power limit.. ..ot 17
5.2.2 Need for APR ... Y 18
5.2.3 WavelenGths ... A e e e e 19
5.2.4 L OCaAtIONS e e e 19
5.2.5 Nominal ocular hazard distance (NOHD)..........ccoiiiiiiiiiii e, 19
5.2.6 Power reduction times i . 19
5.2.7 Medical aspects of the'safety of eyes and skin in existing standards ............ 21

6 Maximum optical power permissible for optical amplifiers from the viewpoint of
fibre damage as well as eye and skin safety ... 22
A I 2 e T 11 1= T o T 22
Anpex A (informative) 1General information for optical fibre fuse.............cooooiiii . 23
A.1 LN oTo U Tox {0 1 A (=Y 1 0 1= 1o G 23
A.2 GeneratiNng MeEChANISM ... i 23
A3 Void formation mechaniSm ... 27
A.4 RPropagation characteristic of a fibre fuse ..o 27
A5 Prevention and termination ... 29
A.5.1 (7= a1 =Y P 29
A.5.2 Prevention methods ... 29
A.5.3 Termination Methods ... e 30
A.6 Additional safety information ..o 32
A7 L@ 0 T 1113 T o 1S 33
710 [T Yo = o1 2 V78 34
Figure 1 — Experimental set-up for fibre fuse propagation ... 10
Figure 2 — Connection loss versus temperature iNCrease .........cooeeviiiiiiiiiiii i, 12
Lo LU T e I T T = U o P 13

Figure 4 — Surface condition contaminated with metal filings, before the test........................ 14


https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

IEC TR 61292-4:2023 RLV © |IEC 2023 -3-

Fig
plu
Fig
Fig
14
Fig

ure 5 — Variation of power attenuation during test at several power input values for
gs contaminated with metal filings .......coiiii i

ure 6 — Polishing surface condition contaminated with metal filing, after test....................

ure 7 — Thermo viewer image of tightly bent SMF with optical power of 3 W at
< 0T o PRSPPIt

ure 8 — Temperature of the coating surface of SMFs against bending with optical

POWET OF 3 W @t 1 480 MM oo e e e e e e e e aans

Fig

ure 9 — Maximum permissible power in the fibre against APR power reduction time .........

Fig
Fig
Fid
ab
Fid
14
Fig
an
Fi
Fig
ge
Fig
ph
Fig
usi
Fid
Fid

g

Ta
Ta

Ta
au

Ta

LTS 2= T 1= T T o 1 e N

A4 | 4+ 'S £ 4+l £l £ &l taod . o ' £l
urc mul T TUTTL rJaIL UT UG 1TTVTC TUOC UOIIIOHU yUIIUIOLUu mrunre UPLIUGI LA
ure A.2 — SiO absorption MOdel ......c..iiii i A

ure A.3 — Calculated fibre fuse propagation behaviour simulated with the SiO
BOIrPHON MOAEl . oee e L

ure A.4 — Series of optical micrographs showing damage generated by 9,0 W
80 nm laser light suggesting a mechanism of periodic void formation.......\%. ...

ure A.5 — Images of fibre fuse ignition taken with an ultra-high-speed.camera and
optical micrograph of the damaged fibre.............coooviiiiiii L B

ure A.6 — Power density dependence of the fibre-fuse propagation-velocity ....................

ure A.7 — Optical micrographs showing front part of the fibre fuse damage
herated in SMF-28 fibres with various laser intensities (1 480/NM) ..o,

ure A.8 — Principle of the optical fibre fuse passive termination method and
ptograph of a fibre fuse terminator using a TEC structure.............cooooiiiiiiiiiiiiiiien

ure A.9 — Photograph of hole-assistantassisted fibne and fibre fuse termination
Ng a hole-assistantassisted fibre ...

ure A.10 — Example of fibre fuse active termination scheme.....................co
ure A.11 — Transformation of electrical.sighal by optical fibre fuse ..............c..coiiiiinn.

ble 1 — Threshold power of fibre fuse propagation for various fibres................c.coeinils
Dle 2 — Measurement CONAitIONS. ... ..o

ble 3 — Examples of powerdimits for optical fibre communication systems having
omatic power reduction to-reduce emissions to a lower hazard level.................cooeiinil.

ble 4 — Location types within an optical fibre communication system and their typical

26

27

28
29

29

30

31
32
32

10
12

17

19


https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

-4 - IEC TR 61292-4:2023 RLV © |IEC 2023

INTERNATIONAL ELECTROTECHNICAL COMMISSION

OPTICAL AMPLIFIERS -

Part 4: Maximum permissible optical power for the damage-free
and safe use of optical amplifiers, including Raman amplifiers

1

2)

3)

4)

5)

6)

7)

8)

9)

Th
ma3

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardizationycompris
all national electrotechnical committees (IEC National Committees). The object of IEC is to promate’internatig
co-operation on all questions concerning standardization in the electrical and electronic fields."To this end

in addition to other activities, IEC publishes International Standards, Technical Specifications, Technical Repd
Publicly Available Specifications (PAS) and Guides (hereafter referred to as "IEG, Publication(s)"). T
preparation is entrusted to technical committees; any IEC National Committee interested in the subject dealt

may participate in this preparatory work. International, governmental and non-governmental organizations liaig
with the IEC also participate in this preparation. IEC collaborates closely with the'lnternational Organization
Standardization (ISO) in accordance with conditions determined by agreement between the two organization

[The formal decisions or agreements of IEC on technical matters express, a§ nearly as possible, an internatig
consensus of opinion on the relevant subjects since each technical ,committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC Natig
Committees in that sense. While all reasonable efforts are madéyto ensure that the technical content of
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for
misinterpretation by any end user.

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publicati
transparently to the maximum extent possible in their national and regional publications. Any divergence betw
any IEC Publication and the corresponding national ot regional publication shall be clearly indicated in the laf

IEC itself does not provide any attestation of conformity. Independent certification bodies provide confort
assessment services and, in some areas, access to |[EC marks of conformity. IEC is not responsible for

Iservices carried out by independent certification bodies.

All users should ensure that they have thevlatest edition of this publication.

No liability shall attach to IEC or its, directors, employees, servants or agents including individual experts
members of its technical committees and IEC National Committees for any personal injury, property damag
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
expenses arising out of the” publication, use of, or reliance upon, this IEC Publication or any other
Publications.

Attention is drawn to the\Normative references cited in this publication. Use of the referenced publication
indispensable for the correct application of this publication.

Attention is drawn‘\to/the possibility that some of the elements of this IEC Publication may be the subject of pa
rights. IEC shall\not be held responsible for identifying any or all such patent rights.
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IEC TR 61292-4 has been prepared by subcommittee 86C: Fibre optic systems and active
devices, of IEC technical committee 86: Fibre optics. It is a Technical Report.

This fourth edition cancels and replaces the third edition published in 2014. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
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A I’Lst of all parts in the IEC 61292 series, published under the general title Optical amplifi

stibility date indicatedon the IEC website under webstore.iec.ch in the data related to

ition.

The technical information has been updated to reflect revisions of the relevant references.

In particular, the descriptions provided in Clause 5 and Clause 6 have been madif
significantly to reflect changes in the cited references. Unnecessary formulas, &
explanations that overlap with the references have been removed to simplify the documeg

New information has been added to Annex A on optical fibre burning when light enters
optical fibre with a bubble train formed by a fibre fuse.

b text of this Technical Report is based on the following documents:
Draft Report on voting
86C/1821/DTR 86C/1832/RVDIR

b language used for the development of this Technical Report is English.

s document was drafted in accordance with“ISO/IEC Directives, Part 2, and developed
tordance with ISO/IEC Directives, Part 1-and ISO/IEC Directives, IEC Supplement, availa
www.iec.ch/members_experts/refdocs.~The main document types developed by IEC
scribed in greater detail at www.iec.ch/standardsdev/publications.

be found on the IEC website.

e committee has decided’that the contents of this document will remain unchanged until
cific document. Af)this date, the document will be

reconfirmed,
withdrawn,
replaced by a revised edition, or

amended.

I information on the voting for its approval can be found\in"the report on voting indicated i
thg above table.
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ontents. Users should therefore print this document using a colour printer.

IMPORTANT - The "colour inside" logo on the cover page of this document indicates that it
contains colours which are considered to be useful for the correct understanding of its
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INTRODUCTION

This document is dedicated to the subject of maximally permissible optical power for
damage-free and safe use of optical amplifiers, including Raman amplifiers. Since the
technology is quite new and still evolving, amendments and new editions to this document can
be expected.

Many new types of optical amplifiers are entering the marketplace, and research is also
stimulating the development of many new types of fibre and non-fibre based optical amplifiers.
With the introduction of new technologies. such as long-haul,-ever40 beyond 100 Gb/s, WDM
trapsmission, digital coherent transmission and Raman amplification, some optical amplifiers
may-hvelve employ optical pump sources with extremely high optical power — possibly up to
seyeral Watts. For example, erbium doped fibre amplifiers that provide extremely highoutput
poyer are described in IEC TR 61292-8 [1]T, and Raman amplifiers in IEC TR 612926 [2].

(D
‘U)

Exgessively high optical power-may can cause physical damage to the fibres/optical fibr
components and equipment, in addition to presenting a medical-danger iaZzard to the human
ey¢ and skin.

The possibility of fibre damage caused by high optical intensity hag’been discussed at technigal

comferences and in technlcal reports for many years lh&us&e#h@#mtensﬁ%epﬂeakﬁrmhﬂ

PFS

a ay Pron 0 as-a 1o 5 Ng Fo——
point)}—and-the-fibre-end-face-damage-due-to-dustand-theJibre coat burning-due-to-tightfibre
behding-EC SC 86A(Fibres-and-cables)Vhaspublished|EC TR 62547 and-SC-86B(EFibre-ontic
e o obA(FRFEeS ARG CabeS ) ASPHDHSRE G E s H b4t obb{FBIre-oftc
intérconnecting-devices-and-passive-components)yhaspiublished IEC TR 62627-0141ECTCI31
b g-aeHecesanapPassShye-compoRemS)ag pUpoHSReetE o1+ OLoL - +—ET T+ oo+

. ala’ = - e = - N alal e . - . . ‘ A Is

e#%enmen%s—by—mdw#en—#em—epheﬂ—equmem— The use of hlgh intensity opt|cal ampI|f|=rs

calp cause problems in optical fibres, which, irglude fibre fuse, heating in the splice poipts
(cdnnection points), fibre endface damage due\to dust, and fibre coat burning due to tight fibre
bending. For example, IEC TR 62547 [3}pfovides guidelines for the measurement of high-
poyer damage sensitivity of single-mode“fibre to bends, and IEC TR 62627-01 [4] descriljes
cleaning methods for fibre optic conpectors to reduce the risk of fibre endface damage.| In
addlition, other standard groups are’discussing the risk of ignition of hazardous environmepts
calised by high-power radiation from optical equipment.

The medicat’aspects of high-power optical radiation have also been addressed by standarfs.
IEC 60825-2 defines the concept of hazard levels and corresponding labelling, which addresges
thg sdfety aspects of lasers specifically in relation to tissue damage.

In addition, IEC TR 60825-17 [5] describes safety measures to protect against effects caused
exclusively by thermal, opto-mechanical and related effects in passive optical components and
optical cables used in high power optical fibore communication systems. Moreover, ITU-T
Recommendation G.664 [6] discusses the safety feature of automatic laser power reduction.

With the recently growing interest in high power fibre amplifiers and fibore Raman amplifiers,
however, some difficulties have been identified among optical amplifier users and
manufacturers in fully understanding the technical details and requirements across all such
standards and agreements.

T Numbers in square brackets refer to the Bibliography.
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This document provides a simple informative guideline on the maximum optical power
permissible for optical amplifiers for optical amplifier users and manufacturers.
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OPTICAL AMPLIFIERS -

Part 4: Maximum permissible optical power for the damage-free
and safe use of optical amplifiers, including Raman amplifiers

Scope-and-object

Th
am
am
ing

Th

m
t

s part of IEC 61292, which is a Technical Report, applies to all commercially available.opti

plifiers. Semiconductor optical amplifiers (SOAs) using semiconductor gain media are a
luded.

s document provides informative guidelines on the threshold of highhdptical power t

ufacturers and users of optical amplifiers by-reiterating-substantial’'quoting parts of exist
ndards and agreements on eye and skin safety.

eaiﬁres can cause high-temperature damage of the fibre. Also discussed)is optical safety
n
S

cal

plifiers (OAs), including optical fibre amplifiers (OFAs) using active fibres as well as, Raman

Iso

hat
for

ng

d)

Th

|rlnn+|'Fl the maximum permissible r\nhr\al nower in-the r\nhr\al le’\ll'FlQr' 'Frr\m damage f
taeht e RUM-Pe Po opHea age

i—saie%y—wewpem%& This document |dent|f|es the following values for maximum permissi
ical power in the optical amplifier for damage-free and*safe operation:

the optical power limit that causes thermal damage‘to the fibre, such as fibre fuse and fibfre-

coat burning;

the maximum permissible exposure (MPE).to-which the eyes/skin can be exposed with
consequent injury;

propagation from the fibre;

but

the optical power limit in the fibre that causes MPE on the eyes/skin after free-spgce

the absolute allowable optical power level for damage-free and safe-level-of-optical-poyer

operation of the optical amplifier by comparing a) and c).

e objective of this documeftis to minimize potential confusion and misunderstanding in

he

industry that-might can cause unnecessary alarms and hinder the progress and acceptancqg of

ad

It i

ancing optical amplifier technologies in the market.

s important-tefpointout that the reader-sheuld always refers to the latest internatio

standards and_agreements, because the technologies concerned are rapidly evolving.

Th
ingd

e present document will be frequently reviewed and updated in a timely manner

orporating the results of various studies related to OAs and OA-supported optical systems.

nal

by

2

Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references,
endments) applies.

am

the latest edition of the referenced document (including any
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trapsport systoams
1 7

IEC 61291-1:2018, Optical amplifiers — Part 1: Generic specification

3 | Terms, definitions, and abbreviated terms

3.1 Terms and definitions

Fof the purposes of this document, the terms and definitions given in-IEC 61291-1:2018 apply.

ISQ and IEC maintain terminological databases for use in standardization at the follow|ng
addlresses:

e |IEC Electropedia: available at http://www.electropediasorg/

e |[ISO Online browsing platform: available at http://Mndw.iso.org/obp

3.2 Abbreviated terms

ALB automatic laser shutdown

APR automatic power reduction

DgF dispersion shifted fibre

LOS loss of signal

MAD mode field diameter

MRE maximum permissible exposure

MRI-R single channel receive main path Interface reference point
MRI-S single channel source main path interface reference point
NQHD nominal ocular hazard distance

NZ-DSF nonszero dispersion shifted single-mode-eptical fibre

OA optical amplifier

OHRA optical fibre amplifier

ORGS optical fibre communication system

SMF single-mode fibre
SOA semiconductor optical amplifier

4 Maximum transmissible optical power to keep fibres damage-free

4.1 General

The use and reasonably foreseeable misuse of high intensity optical amplifiers-may can cause
problems in the fibre such as

a) fibre fuse and its propagation,
b) heating in splice points/connection points,



http://www.iso.org/obp
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fibre endface damage due to dust and other contamination, and

23

d) fibre coat burning and ignition of hazardous environments due to tight fibre bending or

breakage.

Subclauses 4.2 to 4.5 introduce results concerning the above issues to give guidelines for the
damage-free use of optical amplifiers. However,-itshould-be-noted-that the following results are
only valid under the conditions tested, and a higher power-might could be-allewed applied under

diff

4.2

erent conditions.

Fibre fuse and its propagation

The safety of optical amplifiers-sheuld-be is discussed from the viewpoint of laser hazard to
eyes and skin and from the viewpoint of fibre damage such as fibre-coat burning and fibre-fus
Supclause 4.2 experimentally analyses the fibre fuse and its propagation caused by high opti
poyer and discusses the threshold power of fibre fuse propagation [7]. Fibre fuse~is/defined
phenomenon in which an intense blue-white flash occurs and runs along the fibre toward

theg
theg

Fig
prg
an
theg
red

shows the threshold powers which were measured at various wavelengths of the high-poV

op
of
w

whjch are used as the optical fibre for typical optical fibre communication systems.

high-power light source while forming periodic and/or non-periodic voids.

ure 1 shows a typical measurement set-up for measuring the threshold power of fibre fy
pagation. The fibre fuse is initiated by heating the optical fibre from outside of the fibrew
independent heat source, while-a light at high optical power is‘eontinuously launched i
fibre. Once the fibre fuse begins propagating, the optical source power is continuou
uced until the fuse propagation [ stops. Tabl

ical source and for various fibres. Although the threshold power depends on the wavelen
he high-power optical source, the power for the fuse propagation is less than 1,4 W and
for a standard single-mode fibre (SMF) and a_dispersion shifted fibre (DSF) respective

Sample 10mto 20 m

he
ng.
cal
as

se
ith
nto
sly
b 1
ver
hth
1,2
Y,

High power i::l SMF N v Optical power
optical source N Lo meter
/ SMF/DSF \
Splicing Heating

(initiation for fibre fuse)

Figure 1 — Experimental set-up for fibre fuse propagation

Table?'— Threshold power of fibre fuse propagation for various fibres

Fibre type Measurement _Threshold power 9f
wavelength fibre fuse propagation

um w
Standard single-mode fibre 1,064 1 [8]

1,467 1,4 [8]

1,48 ~1,2 [9]

1,55 1,39 [10]
Dispersion shifted fibre 1,064 1,2 [8]

1,467 0,65 [8]

1,55 ~1,1 [11]
Dispersion compensation fibre 1,55 ~0,7 [11]
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The difference in fibre mode-field diameter has been identified as the major reason for the
difference in the threshold powers because the fibre fuse depends on the power density [7], [8].

On the other hand, it is difficult to identify the threshold power for self-initiated fibre fuse (without
any external cause) because it varies significantly. The threshold powers for self-initiated fibre
fuse significantly exceed 1,4 W and 1,2 W for standard single-mode fibre (SMF) and dispersion

shifted fibre (DSF) respectively.

Fufrther information on the generating mechanism, the characteristics of fibre fuse<and the
prgvention and termination of the fibre fuse are described in Annex A.

4.3 Loss-induced heating at connectors or splices

In ¢xtremely high-power optical amplifiers, the loss-induced heating at fibreés and connectorg or
splices could lead to damage, including fibre-coat burning, fibre fuse, etc. Subclause 4.2
prqvides experimental data and considerations for the information of the thermal effects induged
by |connector and splice losses in high-power amplifiers [12].

Fiqure 2 shows temperature increase versus connection loss‘when measured by the conditigns
shown in Table 2. MU type optical connectors (IEC61754-6 series [13]) for standard
single-mode fibre (SMF) and dispersion shifted fibre A{DSF) were used for this measuremgnt.
The connector loss was increased by optical fibre ntisalignment. The optical source used was
a 4 W Raman pump at 1 480 nm. The connector teémperature was measured by a thermocouple
pldced on the sleeve. Since the MU ferrule diameter was only 1,25 mm, the sleeve temperatire
wap almost the same as that of the ferrule; ferrule temperature is the most important fagtor
defermining the long-term reliability of optical’connectors [14].

Lafger increases in temperature are. @bserved in DSF rather than in SMF due to higher power
depsity. The result suggests that the-temperature increase could be within 10 °C under practical
comditions of loss and power. A cammercial dry-type connector cleaner was used in every test
for[cleaning the endface of théleonnectors.

During repeated connection=disconnection of the connectors, neither damage nor fibre fuse was
observed. The experiments in which a cleaner was used identified no problems in terms| of
fibre/connector damage and reliability. Without the cleaner, however, the experiment with the
DSF connector indicated that fibre fuse could occur after repeated connection-disconnectior] of
mgre than 200:times.

Sugh temperature increase, and accordingly the danger of fibre fuse, will be worse for non-zé¢ro

dispersion shifted single-mode fibre (NZ-DSF) connectors than for SMF connectors but befter
thgn. for DSF connectors, because the effective areas—areSMFE>NZBSF>DSE of SMF¢| is
typicatty - 1Y - | of

DSFs. Further quantitative studies are needed. Other types of physical contact (PC) connectors,
like SC connectors (see IEC 61754-4 [15]), show similar temperature responses, because only
their ferrule radii differ from MU type connectors.

In conclusion, it is shown that the thermal effects induced by connector and splice losses in
high-power amplifiers could be acceptable under any practical conditions foreseeable at this
moment. However,—specialcare—should—betaken it is advisable to eliminate dust and
contamination from the connector endfaces and splice points that could locally induce high
temperature increases according to the power density absorbed.
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Table 2 — Measurement conditions

Parameter Conditions
Fibre SMF, DSF
Connectors MU type
Ferrule Zirconia

Connector/splice loss

Imperfect alignment

Wavelength

Raman pump: 1 480 nm

IEC TR 61292-4:2023 RLV © |IEC 2023

Power

s

Temperature measurement

Thermocouple on the sleeve

Temperature increase (°C)

0;4

0,6 0,8 1

Connection loss (dB) EC

Figure 2 —.Connection loss versus temperature increase

4.4 Connector endface damage induced by dust/contamination

The purpose of 4.4 is/to show the increase in attenuation of the connector under test when
light power intothe“fibre is extremely high [16].

Figure 3 shows the scheme of the measurement set-up used in the test. The pump laser o
Raman_amplifier is used with a maximum nominal power of 2 W, at a wavelength of 1 455 n

he

m.
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and data analysis
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laser source
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Th
(frg
sle

b)

c)

d)

k Power \ Power

meter 2 meter 1

IgC
Figure 3 — Test set-up

b optical connectors used are SC-PC type with a perfectly cleanurface and with skin grease
m the human operator), dust (from the floor of the lab), and\metal filings (from a metallic
eve) applied.

Test result on clean connectors

Two plugs without defects on the polished fibre_surface were used. The laser power was
increased in steps to 1,2 W after a thorough cleaning. The test was conducted at ambient
temperature and in a chamber at 70 °C...During the entire test, the variation of the
attenuation was less than 0,02 dB and the 'visual examination of the fibre surface at the
microscope did not show any damage.

Test result on connectors contaminated with skin grease

A layer of grease was put down. on two plugs without any defect, by simply touching the
polished surface with the hands=When increasing the power from 100 mW to 1 200 m\W| at
ambient temperature, the attenuation varied within a few hundredths of a dB. The vispal
inspection with a microscope after the test showed a cleaning effect, probably due to h|gh
temperature near the fibre:”After the surface cleaning, no damage was observed.

Test result on connectors contaminated with dust

In this case, dust.from the laboratory floor was put on the polished surface of the plups.
After the initial"increase of the attenuation from a normalized value of 0 dB to 0,06 dB with
200 mW input power, the attenuation started to decrease with the increase in the power uptil
-0,15 dBswith 1,2 W input power. This effect of improvement in power transmission copld
be dueoya cleaning action of the high temperature on the finest particles. Also, in this cape,
afterthe cleaning at the end of the test, the surfaces did not show any damage.

TestTesult on connectors contaminated with metal dust

In this test, metal dust obtained by Tiling a metallic SIEEVE of an adapier was put down on
the plug surfaces. This condition simulates the presence of metallic particles produced by
the friction of the ferule during the insertion into a metallic sleeve.

A first test was performed by heavily contaminating the surfaces, as Figure 4 shows.-This
The heavy contamination is-elear evident from the initial attenuation value, which was 3 dB
to 4 dB higher than the ones obtained for the other conditions.

During the test, already at 200 mW, the attenuation increased by about 0,3 dB. At the
400 mW step, the damage became evident as the attenuation increased to 1,1 dB (see
Figure 5). As failure occurred, the test was stopped to visually inspect the surfaces.

Obvious signs of burning were observed on the core of both fibres that could not be
eliminated by cleaning the surface. The visual inspection of polished surface through a
microscope (Figure 6) shows fused metal-glued embedded on the fibre cores. These-clots
contaminations are not removable by cleaning the surfaces.
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D>
Figure 4 — Surface condition contaminated with metal filings, befor?.lié-,]/test
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Figure 5 — o

\") l@lon of power attenuation during test at several
power inpéalues for plugs contaminated with metal filings

&

Plug 1

IEC
Figure 6 — Polishing surface condition contaminated with metal filing, after test

In conclusion, it was confirmed that there is no damage risk to the connectors due to high optical
power under the conditions tested, if the connectors are correctly used and handled. In
particular, it is-recommended-never not advisable to ever open connectors while high optical
power is passing through them. However, a correct cleaning procedure and visual analysis of
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the polished connector surface is fundamental for a good and reliable network, particularly when
metallic sleeves are used.

4.5

Fibre coat burn/melt induced by tight fibre bending

Subclause 4.5 provides some examples of the fibre coat burn/ or melt induced by tight fibre
bending [8]. The fibre coatings used were

a)
b)

UV curable resin: white, blue, green, and uncoloured, and

nylon white.

The fibre used was single-mode (SMF).

By

using a thermo viewer image of the bent fibre, the highest temperature at the ‘surface

of

eagh fibre coating was measured. Figure 7 shows an image of the tightly bentfibre with|an

oplical power of 3 W at 1 480 nm. Shown in Figure 8 is the temperature at the ceating surfa
vefsus bending diameter for 3 W at 1 480 nm. The temperature of the_nylon coat surfg
regched 150 °C or higher; the nylon coating melted or even burned. The nylon coat burne( i

the

By|considering the test results together with the long-term reliability{degradation of coated SN
it is suggested that the coated fibre bend diameter-should be kept at more than 20 mm 4
mgre than 30 mm for optical powers of 1 W and 3 W, respectively, under the conditions test
Anpther test revealed that transparent UV resin was more“durable than coloured UV re
against tight bending.

test after the fibre break at the point where the fibre coat melted.

. .
IEC

Figure 7 — Thermo viewer image of tightly bent SMF
with optical power of 3 W at 1 480 nm

ce
ce
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nd
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Figure 8 — Temperature of the coating surface of SMFs against bending
with optical power of 3 W at 1 480 nm

4. Summary of the fibre damage

In #.2, it was found that fibre fuse, once it was initiated for any reason,_propagated if the input
sighal power was higher than 1,4 W and 1,2 W for SMF and DSK) respectively, under the
conditions tested. However,-care-should-be-taken it is not advisable-to even momentarily pysh
thg fibre across a sharp edge that-may could induce a tight bend ‘and trigger fibre fuse even at
a lpwer power than the above.

In 4.3, it was shown that the thermal effects induced by the connector and splice losses in high-
poyer amplifiers could be acceptable under any praetical conditions.

In #.4, the connectors were tested with the input powers up to 1,2 W. It was found-that-oply
cage-discovered that the only case that causedpermanent damage to the fibre core was when
suffaces were contaminated with metal parti€les.

In 4.5, fibre coat burning induced by -fibre tight bending was addressed. It is suggested that the
bend diameter of coated fibre-shouldibe kept over 20 mm and 30 mm for optical powers of 1| W
and 3 W, respectively, under the<conditions tested.

Baped on 4.2 to 4.5, it is concluded that power levels up to at least 1,2 W can be used withput
damaging OAs. The actual Upper limit of the power is under study by considering, for example,
thg types of fibre and«cleanliness of the fibre endfaces.

In Bddition, IEC\TR'62627-01 [4] describes methods to prevent damage to the connector, gnd
IEC TR 625474 13] describes methods to measure the damage of fibre tight bending.

5 | Maximum transmissible optical power to keep eyes and skin safe

5. Maximum transmissible exposure (MPE) on the surface of eye and skin

In IEC 60825-1:2044, MPE is defined as the "level of laser radiation to which, under normal
circumstances, persons may be exposed without suffering adverse effects" [17]. The MPE
values used by IEC have been specified in the ANSI-Z136 series [18] and are based on-animal
non-human experiments. IEC TR 60825-14:2004 gives more details on MPE [19].

IEC 60825-2:2004 includes the following-nermative text in which it is requested that optical fibre
communication systems (OFCSs) be designed not to exceed the MPE, including the time period
before an automatic power reduction (APR) system completes its function [20]:

"Where the OFCS uses an APR feature to meet the limits of a hazard level that is lower than
that which would have to be assigned if no APR feature would be present, the irradiance or
radiation radiant exposure during the maximum time to reach the lower hazard level [...] (not
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greater than 1 s for unrestricted, 3 s for restricted or controlled locations) shall not exceed the
irradiance or radiant exposure limits for either the eye or skin (equivalent to MPEs for the eye
and skin), corresponding to the shut-down period of the APR. For unrestricted/restricted
locations and controlled locations the measurement distances—is are 100 mm and 250 mm,

res

NOTE

pectively, for this subclause [i.e., IEC 60825-2:2021, 4.7.4] only."

number is deleted.

In the text described in IEC 60825-2, there is a sentence with a clause number, but in the above text, that

In IEC 60825-2 [20], the hazard levels of laser products, including OAs, are determined based

on _the classification rule of IEC 60825-1 [17]. In the existing standards, automatic laser
shlitdown (ALS) could have the same meaning as APR.

5.2 Maximum permissible optical power in the fibre for the safety of eye and,skin

524 General

Infprmative Annex D of IEC 60825-2:2004 and IEC 60825-2:2004/AM2:2010 gives the follow|ng

forhmula that caleulatecs tha mavimum narmiccihle ontical noweaer P in thafihra hyv vucinag a

formula that calculates the maximum permissible optical power >-in the-fibre by using {he

mabdm a¥a i e e (MP o-th O i ee-sb bropagation

_ nd?MPE 1
4 [ (ot
1—exp| - 0,125 ———
ANOHD (1)

10
-

(%]

F'able 3 raftarates Tahle D 14 of IEC 60825-2-2004 and |IEC 680285-2-2004/AMD2:-2010_ 1t sHhall
apreofeRerateS1 a6 - 1+4 o0 HHE o b oL 94 R E T B 9Loo0-S LA Vi Lo+ o SHaH
bhaelhotadlthat the maximum nermissible ontical nower in such OAs canbe inecreased bv reduclna
pejRoteGAathe MM pPpeHSSiore OpHCa P OWeHHHh-SUCH-IAS CaRBeRCrease oy e aucihg

5.2.1 Power limit

Table 3 shows examples of power limits for unrestricted, restricted and controlled access (see
5.2.4) of OFCSs that employ APR to reduce the power to a lower hazard level, which is
described with reference to IEC 60825-2:2021, Table D.3 [20]. It is worthwhile noting that the
maximum permissible optical power in such OAs can be increased by reducing the power
reduction time of the APR (the shut down time).
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Table 3 — Examples of power limits for optical fibre communication systems
having automatic power reduction to reduce emissions to a lower hazard level

Wavelength MFD Maximum Maximum Maximum Shutdown Measurement
power output | power output | power output times distance
unrestricted restricted controlled

nm um mW mW mW S m

980 7 9,4 9,4 N/A 1 0,1

980 7 N/A 7,2 N/A 3 0,1
1310 11 78 2 587 78 2 587 N/A 1 0,1
1310 11 N/A 59 1 966 N/A 3 0,1
1310 11 N/A N/A 3144 10 347 3 0,25

1400 to 1 500 11 1598 1598 N/A 0,3 0,1

1 K00 to 1 500 11 650 650 N/A 1 0,1

1400 to 1 500 11 N/A 389 N/A 2 0,1

1 K00 to 1 500 11 N/A 288 N/A 3 0,1

1400 to 1 500 11 N/A N/A 2 403 2 0,25

1 K00 to 1 500 11 N/A N/A 1774 3 0,25

1550 11 2 539 2 539 N/A 0,5 0,1
1550 11 1273 1273 N/A 1 0,1
1550 11 N/A 639 N/A 2 0,1
1550 11 N/A 428 N/A 3 0,1
1550 11 N/A N/A 2 640 3 0,25

Sdurce: IEC 60825-2:2021, Table D.3 [20].

NOTE 1 The fibre parameters used are the @most conservative case. Listed figures for 2 =1 310 nm to 1 550 pm
ar¢ calculated for a fibre with 11 ym MFD and those for 2 = 980 nm are for 7 ym MFD. Many systems operating| at
1 %50 nm with erbium-doped fibre amplifiers (EDFAs) pumped by 1 480 nm or 980 nm lasers use transmissjon
fibfes with smaller MFDS For example 1 550 nm d|sperS|on shifted f|bre cables have upper limit MFD values| of
9, pm . m m m

are1 AA times iho Ve
af Vo

boe—ta—e bl l".1.4 CemeRe e Mn*.rﬂ!lﬁd Srreae—ai AQ“ e nnﬂ ey [

In
o

thi#alﬁe&ln%am&tabl&

NQTE 2 Times given in‘the'table are examples;-shutdown-at-any-shortertime-than-the-maximum-is-permissible;
ang-may-permit-the-use df-higherpowers The shutdown times shown include shorter times than the maximum.

SHorter shutdown times enable the use of higher powers. {The maximum times are 1 s for unrestricted locatigns
anf 3 s for restricted.and controlled locations, respectivelyj.

NQTE 3 Theshigh-power density in an optical fibre cable can cause fibre fuse, which leads to high temperatyre
algng the fikre/cable.

For these power limits, it is assumed that the user does not employ any optical instrument or
viewing optics within the beam. When optical instruments or viewing optics are not used,
devices classified as 1M are considered safe under the conditions indicated in IEC 60825-
1:2007 [17]. However, they-may can be hazardous if the user employs optical instruments or
viewing optics within the beam.

5.2.2 Need for APR

ITU-T Recommendation G.664:2012, Appendix Il, suggests that APR is needed not only on the
main optical signal sources but also on all pump-lasers employed [6]. It specifically states:
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"[In particular,] distributed Raman amplification systems will need specific care to ensure
optically safe working conditions, because high pump powers (power levels above +30 dBm are
not uncommon) may be injected in optical fibre cables. Therefore, APR procedures [are required
in order to] avoid hazards from laser radiation to human eye or skin and potential additional
hazards such as temperature increase (or even fire) caused by local increased absorption due
to connector pollution/damages [or very tight fibre bends].

In order to ensure that the power levels emitting from broken or open fibres connections are at
safle levels, it is necessary to reduce the power not only on the main optical signal sources but
alsjo on all pump-lasers employed, in particular the backward pumping lasers."

5.2.3 Wavelengths

WHen determining the safe limit of the optical amplifier power set by the MPE limit-should, if is
adyisable to include the main optical signal power, the pump-laser powers; and the optical
supervisory channel power, if used.

5.2.4 Locations

Taple 4 shows location types within an optical fibre communication system and their typical
insttallations. See IEC 60825-2 for more details [20].

Table 4 — Location types within an optical fibre communication
system and their typicahinstallations

Typical installation

Location type (informative)

Domestic premises, sexvices industries that are open to the general public (e.g. shop$
Unrestricted access and hotels), public gargas on trains, ships or other vehicles, open public areas such ag
parks, streets, etc\)\non-secured areas within business/industrial/commercial premise
where membeys, of the public are permitted to have access, such as some office
environments

'

. Secured areas within industrial premises not open to the public, secured areas within
pstricted access business/commercial premises not open to the public (for example telephone private
automatic branch exchange (PABX) rooms, computer system rooms, etc.), general
areas within switching centres, delimited areas not open to the public on trains, ships
or other vehicles

X

—_

Cable ducts, street cabinets, dedicated and delimited areas of distribution centres, tef

Controlled aCoess : .
rooms in cable ships

5.2 5—Neminal-eewlar-hazard-distance-(NOHDB)}

In controlled locations, NOHD at which the level of exposure-should-drep drops to the MPE for
the eye is 25 cm, because personnel-sheould is expected to be trained to keep the 25 cm
distance. Otherwise, the NOHD is 10 cm, because the minimum focal distance for the human
eye is generally known to be 10 cm.

5.2.6 Power reduction times

Power reduction time is the maximum time span after the incident before the APR completes
its task. ITU-T Recommendation G.664 suggests, as information, the power reduction times for
OAs in multi-vender systems. For systems without line amplifiers, the APR time suggested is
less than 800 ms, and that for OAs in systems with line amplifiers is less than 3 s, as described
in ITU-T Recommendation G.664:2012, Appendix Il [6]:
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"After at least 500 ms of continuous presence of the LOS (loss of signal) defect, the actual
shutdown command will be activated, which shall result in reduction of the optical output power
at MPI-S [(single channel source main path interface reference point)] within 800 ms from the
moment loss of optical signal occurs at MPI-R [(single channel receive main path interface
reference point)].

[.-]

In order to avoid exposure to hazardous optical power levels, all amplifiers (boosters and line
amplifiers) shall have sufficiently short deactivation times to accommodate shutdown of all
amplifiers between MPI-S and MPI-R within 3 s from the moment the actual connect|on
interruption occurs.

NO[FE 1 Depending on the actual operational power, the 3 s shutdown time (defined in the past) might not be fast
endugh. A check against IEC 60825-1 [...] is recommended."”

Within the above limit, the maximum permissible optical power shown inxTable 3 can |be
increased if the power reduction time for the APR can be shortened.'Figure 9 shows the
maximum permissible power in the fibre against APR power reduction times-that-were-deriyed



https://iecnorm.com/api/?name=794540cdcd2d9e09c2a094f06d010d20

IEC TR 61292-4:2023 RLV © |IEC 2023 -21-

NO
3s

NO

-

5.2

Co
fou

5000

T T T
L—
) -

4000

1111

T T T
|

\ NOHD = 25 cm

3000

2000 [ \

L L
|_—

1000

Alloyvable optical power (mW)

NOHD =10 cm

/ 11 L1l

T T T

0 1
Shutdown time (s)

N
w

IEG

5000

T T T
]
L1l as

4000

L
| T

AN

\ NOHD =25 cm

T |

3 000

L1

—

2000

k

1.

1000

NOHD =10 cm

Maximum permissible power (mW)

1 2
APR power reduction time (s)

o
w

IEC

TE 1 In the restricted/controlled-area, the OA classification is determined based on the optical power measy
after the incident.

TE 2 Fibre mode field diameter = 11 ym, wavelength = 1 480 nm.

igure 9 — Maximum permissible power in the fibre against APR power reduction tim

a)

red

7 Medical aspects of the safety of eyes and skin in existing standards
ncerning-the medical aspects of the safety of eyes and skin, the following information is
nd,in JEC TR 60825-14 [19].

Tk rotinal baooaord om0 il ndaorctoaaod ac A0N0 e 1400 oea L 4.2 2] ~f
rrre rounrrrar rnaodaryu IUSI\JII o l]'.llvull‘y UTiuceioluuyu o TUU LA v T A YA rrrt \\1\4\4 T ITTOT

b) The pupil diameter used here is 7 mm assuming a dark room, although it is 4 mm to 5 mm

in a regular room-{see-4-3-20f lEC60825-14:2004,.

c) From 1 400 nm to 1 500 nm, for exposure time t =1 ms to 10 s, the MPE values are the

same for cornea and skin, being given as 5600 ¢ 0,25 Jm—2{Table 50f {EC 60825-14:2004).

However, the consequences of injury to the eyes are usually much more serious than

equivalent injuries to the skin{see7-3-3-1+ofEC 680825-14:2004).

d) There is no "eye-safe"-waveband wavelength band({see73-3-2b)eflEC60825-14:2004).
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Infrared light with a wavelength > 1 400 nm (or sometimes > 1 300 nm) normally does not
penetrate into the eye but causes damage to the cornea. It is also understood that visible light
(400 nm to 700 nm) and light £ 1 400 nm penetrate and cause damage to the retina. It is also

known that retina damage is normally incurable: retinal cells do not re-grow.

6 Maximum optical power permissible for optical amplifiers from the viewpoi
of fibre damage as well as eye and skin safety

nt

Based on 4.2 to 4.5, it was concluded in 4.6 that power levels up to at least 1,2 W can be used

wit]

the fibre bend diameter is more than 20 mm;

the connectors are kept "clean".

Nekt, from the viewpoint of eyes and skin safety, it was understood from 5.2 that,pump pow
in the 1 480 nm range for distributed Raman amplifiers can go up to 1,77 W or 2769 W depend
onfthe fibre mode field diameter (see Table 3) for the pump APR time of 3s, lif the high intens
light could leak only within controlled locations. With APR times shorter than 3 s, higher poy
i can be applied.

It qan then be concluded that the maximum optical power permissible for the damage-free g
safe use of optical amplifiers can go up to at least 1,2 W, within controlled locations under
conditions shown in this document and with the APR time“sHorter than 3 s. The actual up
limjit of the power is under study by considering, for exampte, the types of fibre and cleanling
of the fibre endfaces.

However, where there is potential light leakagedue to, for example, a fibre break,—any i
important to take precautions so that a system.operating with an optical power of 1,2 W-s}
dog¢s not exceed permitted hazard levels (See IEC 60825-2 [20]). APR can be used to li
oplical power to a suitable level. Moreover, it-shall-be is noted that, although signal powe
thg 1 550 nm range is generally muchtless than Raman pump power, signal power can
always be neglected for OA safety and’damage.

7 | Conclusion

It is concluded under the conditions tested and considered that the optical power permissi
for|the damage-free and'safe use of optical amplifiers can go up to at least 1,2 W for control
lodations when APR.times are shorter than 3 s.

Sirjce the technologies are constantly evolving, it is requested that the reader refers to the lat
edition of IEC*61292-4 as well as to the latest editions of the relevant documents cited in {
do¢ument:
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Annex A
(informative)

General information for optical fibre fuse

A.1 Introductory remark

Optical power in optical fibre is being increased to achieve an efficient transmission network by

in

tra
ha
theg
pra
co
fib
me
di
m

An

ecasina the ontical sianal channel number and bv maintainina a suitable SNR at o h
9 * ) 4 )

hsmission speed by using a high-power optical fibre amplifier and Raman amplification. T
5 led to increased concern about the damage caused by the fibre fuse phenomenon. On
phenomenon is initiated, a bubble train forms in the fibre core after the fibre fuse, an
pagates towards the high optical power source and continues until the opticalower in
e falls below the threshold fibre fuse power. Optical signals cannot be transmitted throd
e damaged in this way. There have been several studies regarding_ the generat
chanisms, the bubble formation mechanism and the emission properties from the plas
harge that occurs when bubbles are formed. Recently, several preyention and terminat

thods for the fibre fuse have been proposed.

nex A gives a general description of the generating mechanism~and characteristics of fi

fuge and prevention and termination for the fibre fuse for a greater understanding about opti

fib
An

A.

Th
ph
fib
an
Fid

e fuses.

nex A is based on Technical Paper TP08/AM-2010421].

P Generating mechanism

b fibre fuse phenomenon was first obServed in 1987 by Kashyap and Blow [7]. If {
bnomenon was initiated in the fibre, an intense blue-white flash occurred and ran along
e core toward the light source at(@ relatively low velocity in the order of 1 m/s. Perio
i/or non-periodic voids were leftiafter the blue-white flash passed through the core (s
ure A.1). This phenomenon results in catastrophic destruction of the optical fibre wavegui

Damaged core, showing periodic voids

Fuse propagation
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Figure A.1 — Front part of the fibre fuse damage generated in the optical fibre

In the experiments, the fibre fuse can be initiated by contacting the fibre output end with
absorbing materials, heating the fibre by arc discharge, formation of bends and knots, and
heating the fibre end with a flame or the heating furnace. The local heating of the fibre core due
to large high-temperature light absorption is closely related to the generation of the fibre fuse
phenomenon.
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Several hypotheses have been put forward to explain the fibre fuse phenomenon. Typical

hypotheses are shown as follows.

a) Self-propelled self-focusing model [7]: It is considered that thermally generated third-order
nonlinearity is produced by avalanche ionization in this model. The heating process
increases the number of free electrons in the core through collisions and increases the local
third-order nonlinearity. The increase in the nonlinearity causes self-focusing and collapse

of the laser beam, resulting in the fibre fuse.

b) Solitary thermal shock wave model [22]: In this model, a solitary thermal shock wave is
responsible for the fibre fuse. The periodic damage track left after the passage of the shock

wave darises througtrmode focusing i thethermattens treated by the wave:

c) | Exothermic chemical reaction model [23]: It is proposed in this model that the_ h
temperature in the fibre fuse occurs by an exothermal chemical reaction of Ge-related-def
formation with no light absorption.

d) | Radiative-collision reactions model [24]: In this model, the fibre fuse occurs by-the radiati
collision reactions between SiO molecules and neighbouring non-bridge Olatoms in the fi
core with large light absorption coefficients.

e) | SiO absorption model [25]: In this model, the fibre fuse occurs by the thermal production
SiO molecules with large light absorption coefficients at high temperatures.

Anmong these models, the avalanche ionization of the silica glass described in a) cannot
reglized by using the conventional CW laser (0,1 W to 10 W_output power) for the fibre fy
experiments. The thermal lens formation described in b)xheeds the large light absorpt
cogfficient of 540 cm~" to obtain a large temperature gradient in the core. However, the ori
of fhe large absorption coefficient is not at all cleardn [22]. Item c¢) in the above list can
explain the generation of the fibre fuse observed in non-Ge-doped optical fibbers. The radiati
collision reaction described in d) is not popular fordJS and European researchers.

On the other hand, e) is based on the well-known thermochemical reaction of SiO,, and it g

be|applicable to many types of optical fibres. The fibre fuse parameters estimated by using
arg in fair agreement with the experimentally determined values.

The SiO absorption model is shawn in Figure A.2. The a (unit: m=1) exhibits the absorpt
cogfficient of SiO (at the wayelength of 1 064 nm) per unit length of 1 m. The fibre fu
geperation processes due to-this model are as follows.

1) | When the optical fibre is heated up to high temperatures of > 2 000 K, a lot of SiO molecu
are produced by_.the thermal decomposition of SiO, glass, which is the main componen

the optical fibre.

2) | SiO exhibits\a large light absorption coefficient at high temperatures of > 2 000 K.
heating of/the optical fibre is enhanced by increasing the optical absorption of the SiO.

3) | The heat in the core, produced by the optical absorption of the SiO, diffuses into the Ig
temperature parts placed outside the core.
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4) \When the heat produced in the core overcomes the heat consumed by diffusion, the ¢

re

temperature is reached at 10 000 K or higher, where the SiO is thermally decomposed into

the neutral atoms or charged ions and is in the plasma state.

5) The plasma state occurred in the core is continuously maintained by absorbing the laser

power supplied by the light source and is propagated along the fibre toward the source.
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Figure A.3 exhibits the calculated fibre fuse propagation behaviour simulated with the $i

ab
