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Abstract—Fire-resistant fiber optic cables used in safety and

monitoring systems playing an essential role in fire fighting

and building evacuation procedures are required to temporar-

ily maintain optical continuity when exposed to fire. However,

the use of fused silica fiber at temperatures between 800◦C and

1000◦C is associated with two highly undesirable phenomena.

Thermal radiation (incandescence) of optical fibers, with its

intensity and spectral distribution being proportional to addi-

tional attenuation observed in the fiber’s hydroxyl absorption

bands (“water peaks”) is one of them. The other consists in

penetration of thermal radiation from the surroundings into

the fiber, due to defects in glass, causing light scattering and

resulting in fiber brittleness. Thermal radiation is a source

of interference in fiber attenuation measurements performed

during fire tests and affects normal operation of fiber optic

data links in the event of a fire. In this article, results of lab-

oratory tests performed on a telecom single mode and mul-

timode fibers subjected to temperatures of up to 1000◦C are

presented.

Keywords—fire-resistant fiber optic cable, fire test, fused

silica optical fiber, incandescence spectrum, thermal deteriora-

tion, thermal radiation.

1. Introduction

Optical fibers used in fire-resistant cables should be capa-

ble of remaining operational, over a specific period of time,

during a fire incident. While fused silica fibers are capa-

ble of withstanding temperatures of up to 1000◦C while

retaining their optical continuity, their properties degrade.

In particular, time-dependent incandescence (thermal ra-

diation) of the fiber itself occurs, and thermal radiation

from the hot surroundings is coupled into the fiber. Both

these phenomena are a cause of optical interference affect-

ing transmission of data over hot fibers, and their testing.

The performance of an optical fiber in a cable affected by

fire depends on the following:

• properties of the fiber itself, i.e. attenuation, incan-

descence, light scattering, and coupling by defects,

• protection against fire and mechanical damage of-

fered by heat-resistant components of the cable.

This paper focuses primarily on the first of the abovemen-

tioned items and describes the variations in optical prop-

erties of standard, telecom type fused silica optical fibers

at high temperatures in the event of a fire (or during a fire

test). In addition to peak temperature, duration of exposure

is important as well, as the performance of a heated fiber

degrades slowly due to the following:

• migration of dopants (F2, GeO2), which distorts the

fiber’s refractive profile,

• appearance of defects that are caused by the fact that

fused silica turns into cristobalite and causes the glass

to crack.

According to the analysis presented in [1], the migration of

the most common GeO2 dopant was of no importance as

a fused silica fiber was heated to 1000◦C for up to 100 h.

The formation of microscopic defects in fused silica fibers

has been reported in [2] and was also observed during the

experiments performed. Defects, i.e. cracks in cladding,

are capable of introducing infrared radiation from the hot

surroundings into the fiber’s core. This radiation is routed

towards the fiber’s end, thus creating interference affecting

the operation of the receiver in a data link or of the optical

power meter during a fire test. A hot optical fiber no longer

is a “dark” interference-free transmission medium.

The investigations presented in this paper were triggered

by technical problems encountered in measuring the atten-

uation of optical fibers during a fire test. Intense thermal

emissions originating from a multimode fiber at or above

900◦C prevented loss measurements from being performed

with a low power signal source and an optical power me-

ter. This issue was previously unknown in the literature, as

fire-resistant cables had predominantly the form of power

and control cables with copper conductors. Contemporary

standards providing for the monitoring of attenuation of

optical fibers [3], [4] do not provide for any methods for

the elimination of interference resulting from thermal emis-

sions taking place in the tested fiber as well.

Section 2 of this paper offers a short review of fire-retardant

and fire-resistant fiber cables, while fire testing procedures

applicable to the latter are presented briefly in Section 3.

Section 4 outlines our test campaign, while Sections 5, 6

and 7 present selected test results for single-mode and mul-

timode fibers, including light scattering and fiber deterio-

ration due to thermally-induced defects. Section 8 reviews

physical mechanisms and selected characteristics of ther-

mal radiation encountered in hot fibers. Discussion of the
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results and plans concerning further work are presented in

Section 9, while Section 10 concludes the paper.

2. Indoor Cables on Fire

Fiber optic cables installed in commercial buildings are

required to comply with fire safety regulations and shall

pass the fire tests required. Two broad groups of such

cables capable of meeting different requirements may be

distinguished:

• fire- (or flame-) retardant cables,

• fire-resistant cables.

While these terms sound similar, their meanings are quite

different.

2.1. Fire-retardant Cables

As far as cables for data communication networks which

are not required to remain operational in the event of a fire

are concerned, fire safety requirements applicable in the

EU (US standards are substantially different) specify the

following:

a) fire propagation along the cable for given installation

conditions: vertical shaft or horizontal space under

a false ceiling, single cable or cable harness, type of

fire source, its thermal power and duration of exposure,

b) optical density of smoke (opaque smoke hinders evacu-

ation from the danger zone),

c) concentration of corrosive and toxic compounds: chlo-

rine, fluorine and bromine compounds, hydrocyanic acid

(HCN), sulfur dioxide (SO2), etc. in the smoke.

Cables meeting the abovementioned requirements are clas-

sified as halogen-free fire retardant (HFFR) cables. In or-

der to meet the requirements set out in (b) and (c), the use

of materials containing halogens (Cl, F, Br) needs to be

avoided, especially in jacket or sheath of the cable. Exam-

ples of non-compliant fire-retardant materials widely used

in cable manufacturing include polyvinyl chloride (PVC),

polyvinylidene fluoride (PVDF) and all polymeric materials

with bromine compounds added.

These materials have been replaced with halogen-free ther-

moplastic polymers, typically polyethylene and its copoly-

mers, or ethylene-vinyl acetate (EVA) which are highly

flammable in their pure form, but become flame-retardant

after addition of 60–70% (weight-wise) of a fine powder

(1–3 µm) inorganic filler serving the purpose of a halogen-

free flame-retardant and smoke suppressant. Once heated

to its decomposition temperature, the filler releases large

amounts of water vapors temporarily blocking access of

air to the polymer and carrying the heat away. Instead

of burning, slow charring takes place. However, once all

water evaporates, the hot polymer begins to burn rapidly.

MDH or magnesium dihydrate – Mg(OH)2, decomposing

to water and solid magnesia (MgO) after being heated to

over 300◦C, is the most common filler of this type. ATH

or alumina trihydrate (Al2O3·3H2O) is a less expensive

filler, but its relatively low decomposition temperature of

200–220◦C makes it incompatible with several polymers

requiring higher extrusion temperatures, including medium

and high density polyethylene (MDPE, HDPE), polypropy-

lene (PP), polyamides (PA) or poly(butylene terephthalate)

(PBT) widely used for manufacturing fiber optic cables.

ATH and MDH fillers are completely non-toxic. Other

similar materials exist as well, but are rarely used.

Halogen-free fire/flame-retardant jacketing compounds are

known as low smoke zero halogen (LSZH) materials.

A review of fire testing procedures applicable to communi-

cation and data transmission cables, along with references

to applicable standards, is presented in IEC TR 62222 [5].

Detailed requirements, as well as descriptions of the test

methods and hardware, are presented in several IEC/EN

standards, applying to thin (maximum diameter of 20 mm)

and metal-free indoor fiber optic cables [6]–[15]. The re-

maining standards apply to HFFR power, control and data

transmission cables with metallic conductors.

HFFR cables are used to protect humans’ life, as well as to

ensure the safety of equipment and buildings by limiting or

delaying the spread of fire and the amount of smoke and

toxic or corrosive substances produced. However, ordinary

fire-retardant cables are not required to remain electrically

or optically functional, to retain continuity, to ensure stable

transmission properties of optical or electrical circuits, to

prevent short circuits, etc., when exposed to fire. A system

utilizing these cables fails under such circumstances, either

due to a disruption in communications or to the loss of

power supply to remote hardware, such as video cameras.

Cables from this group are out of the scope of this paper.

2.2. Fire-resistant Cables

Substantially different requirements apply to cables – either

of the copper or fiber optic variety used in fire detection

and protection systems, e.g. in smoke detectors, alarm de-

vices, or surveillance cameras, and for ensuring emergency

communications in the event of a fire. These cables must

remain functional for a period of time that is necessary to

alert security staff, police and fire services, to evacuate the

affected area and to organize fire-fighting efforts. Cables

of this type are known as fire-resistant (FR).

In addition to the requirements set forth in Subsection 2.1,

fire-resistant cables shall:

d) retain continuity and stability of critical parameters of

electrical or optical circuits in the event of a fire, for 15

to 120 minutes, depending on cable fire classification,

d) survive mild mechanical shocks and periodic sprinkling

with water (optionally).

The applicable tests are defined in standards [16]–[21].

While fire test methods and severity, defined primarily by
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peak temperature and test duration, vary considerably, the

attenuation range permitted for optical fibers within the ca-

ble and its test methods are identical, depending on the type

of fiber only [22].

Standardized fire test temperatures range from 800◦C to

over 1000◦C. Hence, only optical fibers made of fused

silica (SiO2) are suitable for such applications. In order

to retain compatibility with industry-wide splicing tech-

niques and tooling, standard single-mode or multi-mode

fibers with 125 µm cladding diameter in polymer protec-

tive coatings are used. While fused silica is capable of tem-

porarily withstanding exposure to 1000◦C without melting

or significant degradation of its properties, polymer coat-

ings fail: they decompose, leaving carbon residues, and

then begin to burn at 500–600◦C when exposed to oxygen.

Special high-temperature fibers, such as fused silica fibers

with nickel coating or fibers made of crystalline alumina

(Al2O3), are capable of surviving heating to 1000◦C with-

out damage and are used in high-temperature fiber sensors,

but not suitable for communication cables due to their high

attenuation and lack of cladding, unsuitability for fusion

splicing and brittleness (alumina fibers).

Telecom fibers have primary protective coatings made of

UV – curable dual acrylate. Their maximum operating

temperature is 85◦C (continuous) and 200◦C over a period

of several days [23], [24]. Fibers with high-temperature

acrylate coatings for continuous use in temperatures of ap-

prox. 150◦C are available [25] as well, but are not used in

communication cables.

A fire-resistant fiber optic cable is a single-use product. Its

structure is destroyed during a fire due to:

• burning or charring of its jacket or sheath,

• melting or disintegration of glass or basalt-based

strength members,

• decomposition (carbonization) of fiber coatings,

buffer tubes, filling gels, etc.

Temporary fire resistance is achieved by wrapping the ca-

ble core and/or buffer tubes in refractory tapes made of

synthetic fluorphlogopite mica with a silicone binder. Flu-

orphlogopite has the melting point of 1387◦C, is non-

flammable and serves as a barrier to fire, while simulta-

neously preventing rapid passage of gases. Two examples

of fire-resistant cables are shown in Figs. 1 and 2.

High degree of fire- and high temperature resistance is ex-

hibited by mineral insulated (MI) electric cables, where

copper or nickel-clad copper wires are surrounded by insu-

lation made of compressed magnesium oxide powder, and

are tightly encased in a metallic sheath made of copper,

stainless steel or heat-resistant alloy, such as Inconel 825.

Basic versions of MI cables contain no flammable materials

and some of their special variants may resist a 1000◦C fire

for 3 hours or more, retaining circuit integrity. However, MI

cables are expensive and are characterized by poor bending

tolerance. Their mineral insulation easily absorbs moisture,

Fig. 1. Dielectric flexible fire resistant cable with a central

loose tube – Technokabel FOC-2-SLT-HFFR 4G50, outer diame-

ter 7.8 mm [26].

Fig. 2. Armored fire-resistant cable with stranded buffer tubes –

FiberTek FTSF-FLTFMAPSZ (FR), outer diameter 19.8 mm [27].

and cable termination is rather labor-intensive. Addition-

ally, the design and, in particular, the technology relied

upon to manufacture MI cables (involving high pressure

extrusion and drawing) are not suitable for fragile optical

fibers.

2.3. Optical Fibers in Indoor Cables

Cables for indoor networks incorporate standardized tele-

com fibers:

• graded-index multimode with 50/125 µm diameter,

type OM2, OM3, OM4 or OM5 [28];

• single-mode designated as ITU-T G.652.B/D [29]

and G.657.A1/2 [30]. The equivalent IEC designa-

tions are B-652 and B-657.A1/A2 [31]. ISO desig-

nations of such fibers are OS1, OS1a, or OS2 [32].

However, the technical specifications are not identi-

cal.

Multimode fibers of OM2 or OM3 type are most widely

employed in emergency and security systems with relatively

low bit rates. More advanced (and expensive) OM4 and

OM5 multimode fibers are used in high-speed data links,
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particularly in data centers, which normally do not need to

operate during a fire.

The cheapest single mode fibers (requiring, however, costly

active devices) are used typically in the “vertical” sections

of structural cabling carrying traffic between floors, and in

links to public networks. Several of them are required to

continue operating in the event of a fire, carrying emer-

gency traffic.

3. Testing of Fire-resistant Cables

The examples of fire tests presented in Subsections 3.1 and

3.2 are of relatively low and high severity, respectively. The

test defined in the German DIN 4102-12 standard is a “sys-

tem test” covering both the cable itself and the installation

hardware.

3.1. EN 50200 Fire Test

EN 50200 [19] simulates the effects of fire using a short

length of a straight cable attached to a wall made of

lightweight, refractory material. The cable subjected to the

test is bent upwards at both ends of the hot zone, in line

with the minimum static bending radius declared in the

product’s specification sheet. The entire length of the ca-

ble subjected to fire is 0.8–1.0 m. A constant temperature

of 842◦C is generated by a 0.5 m long gas burner fed by

a mixture of propane and air. Additionally, the vertical sup-

port holding the cable is subjected to a mechanical shock

produced, every 5 minutes, by a steel rod hammer, in order

to verify its mechanical integrity. The strength members

in most flexible fire-resistant cables made of S-glass or E-

glass yarns survive this test without melting, protecting the

optical fibers inside.

The fire resistance class depends on how long the attenu-

ation of fibers in the cable remains within the limits pre-

scribed in EN 50582 [22]. The EN 50575 standard [20]

provides for the following fire resistance classes:

• PH 15: over 15 min,

• PH 30: over 30 min,

• PH 60: over 60 min,

• PH 90: over 90 min,

• PH 120: over 120 min.

An optional test involves heating the cable for 30 min while

simultaneously sprinkling it with cold water for the last

15 min, in order to simulate the operation of sprinklers in

a building.

3.2. DIN 4102-12 Fire Test

DIN 4102-12 simulates the operation of cables passing

through a room affected by a large fire. The cables under-

going the test (their number often exceeds 100) are placed

on steel racks below the ceiling or are fastened to the ceil-

ing with clips, and are then bent at the entry to the test

chamber made of refractory cinder blocks, in a manner

typical of a real-world installation. All cable entry holes

are sealed with fire resistant mortar. The minimum length

of the test chamber is 3 m, and the cable may pass through

the chamber many times to increase its length exposed to

fire.

The interior of the test chamber is heated by multiple

propane burners located in the lower part of the room, caus-

ing the temperature to rise in the manner shown in Fig. 3

and to exceed, 1000◦C after 90 min. This is the “stan-

dard” or “cellulosic” temperature curve for a fire where

burning cellulose-based materials (wood, plywood, paper,

cardboard, cotton, etc.) are the heat source, with the for-

mula defined in the ISO 834-1 standard [33]:

T = T0 +345log(8t +1) , (1)

where T is temperature [◦C], T0 – initial temperature [◦C],

and t – time elapsed from the start of test [min]. The ISO

curve is defined for the period of up to 180 min, but cable

tests are usually shorter.

Fig. 3. Temperature vs. time during a 90-minute DIN 4102-12

fire test [21], [33].

The peak temperature is high enough to melt E-glass yarns

in cables, so whether the cable will be able to retain its

shape and integrity depends on the fire barrier and steel

armor used (if present). Strength members made of basalt

yarns do not melt, but become brittle and prone to disinte-

grating.

The fire resistance classification depends on length of time

during which the increase of attenuation of optical fibers in

the cable remains within EN 50582 limits. Three classes

are distinguished: E30, E60 and E90, corresponding to the

minimum cable survival time expressed in minutes.

DIN 4102-12 provides for a test covering a combination of

cables and their supporting hardware. The latter determines
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Fig. 4. Interior of a test chamber 25 min after commencing the

DIN 4102-12 test. Temperature equals approximately 820◦C. The

sagging of cable trays is already considerable. The photograph

was taken at the FIRES test lab in Batizovce, Slovakia, in 2019.

Photo courtesy of Krzysztof Borzycki.

the sagging of the cable during the test (Fig. 4), affecting

the overall results.

3.3. Test Requirements for Optical Fibers

The fire test pass criterion defined in EN 50582 [22] is

based on the maximum increase of attenuation of optical

fibers in the cable under test:

• for single-mode fibers: ≤ 1 dB/m at 1550 nm wave-

length,

• for multimode fibers: ≤ 2 dB/m at 1300 nm wave-

length.

Such limits assume that the length of the cable affected

by fire is short, up to 5 m, as the 3–15 dB reserve in the

attenuation budget of a fiber optic link is usually close to

this range.

4. High Temperature Testing of Optical

Fibers

The samples of single mode and 50/125 µm graded index

multimode fibers (OM2) in a 250 µm primary protective

coating were heated in a purpose-built electric tube oven

made by a Warsaw-based Termtech company. The oven has

a 1 m long straight tube made of alumina-rich ceramics,

with a 15 mm hole. The fiber under test was protected

against scratching and contamination by a 5/7 mm fused

silica tube.

The tube was open at the ends enabling the products of

the decomposition process and then of the burning of the

remaining carbon (soot) to vent. This means that the con-

ditions inside a cable are not reconstructed faithfully, as

the mica fire barrier and molten glass yarns block oxygen

access, thus preventing the carbon residues from burning.

However, the setup (Fig. 5) was helpful in investigating

incandescence and thermal deterioration of optical fibers.

Fig. 5. Setup for measuring thermal emissions of the fiber. To

measure the spectra, an optical spectrum analyzer was used instead

of a power meter, and for attenuation measurements, a second

pigtail and a source with the Fabry-Perot laser were added on the

left-hand side instead of light-tight termination.

Test program provided for the measurements of the follow-

ing:

• power and spectra of fiber thermal emissions (incan-

descence) vs. temperature,

• fiber attenuation vs. temperature (tests run separately

due to the different setups required),

• fiber degradation after heating to 1000◦C for up to

4 h.

In the course of the experiments, the fiber was first heated

to 400◦C, and then to 1000◦C in 50◦C increments. One

step included an 8–10 minute heating phase and a phase in

which the temperature was kept constant for at least 5 min.

The total duration was 15 min.

The experiments involving loose tubes with fibers placed in

sealed protective tubes are planned in the future, in order

to simulate conditions inside the cable during a fire.

Optical power was measured using the Agilent HP8153A

optical multimeter with the HP81532A plug-in module

equipped with an InGaAs 800–1700 nm photodetector,

calibrated for the wavelength of 1300 nm.

Spectra measurements take 15–25 min to complete due to

weak signals and were performed at 800, 900 and 1000◦C

with Yokogawa AQ-6315B spectrum analyzer in the 700–

1700 nm range. Incandescence of “OH-free” single mode

fibers was too weak to acquire spectrum data even at

1000◦C. Tests on some fiber samples were repeated in order

to measure thermal emissions at 400–700◦C, when the re-

sults are not affected by the decomposition and burning of

fiber coating and by changes in emission power and spec-

trum after a longer (1–4 h) heating phase, usually up to

1000◦C.

Repetition of the test did not reflect the conditions prevalent

inside a fire-resistant cable, but provided some useful data

for other high temperature applications in which telecom

fibers are used, e.g. fiber sensors.

The following uncertainties affecting power and attenuation

measurements were identified:
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• Emission power (Figs. 6, 8, and 13): 0.5 dB for

power values higher than −80 dBm. At lower val-

ues, the uncertainty increases due to the ingress of

stray light into connectors (darkroom conditions were

required for most experiments) and due to a periodic

variation of power caused by on/off cycling of the

oven’s heater and by the temperature of the fiber un-

der test, reaching approximately 1.5 dB at −95 dBm,

despite averaging;

• Fiber loss (Figs. 7 and 20): 0.02 dB and 0.02 dB/m

for 1 m samples.

Additionally, an attempt to investigate mechanisms of fiber

deterioration after exposure to high temperatures, specifi-

cally distribution of light scattering defects and their ap-

pearance, was made as well – see Subsection 6.2.

5. Test Results of OH-free Single Mode

Fibers

Two examples of cable fibers were tested:

• OFS AllWave Plus (G.652.D standard) [34] produced

in 2019,

• OFS AllWave FLEX Plus (G.657.A2) [35] produced

in 2018.

5.1. Thermal Radiation

The results obtained for both fibers are shown in Fig. 6.

Radiation was too weak to acquire spectra.

Fig. 6. Power of thermal emission vs. temperature for OH-

free single mode fibers. Values below −90 dBm are affected by

considerable uncertainty for reasons indicated in Section 4.

The OFS AllWave Plus fiber failed when the temperature

exceeded 960◦C. The emitted power increased 1000 times

in approx. 2 min, and was slowly rising afterwards, as long

as the fiber was kept at 1000◦C. The radiation spectrum in-

dicated the coupling of radiation emitted by the hot ceramic

tube of the oven. The sample lost optical continuity, but did

not break. The OFS AllWave Plus fiber did not fail during

the same test performed on 3 different samples. A micro-

scope inspection revealed that some of the fiber failures

were caused by contact with pieces of mineral wool fibers

from the thermal insulation of the furnace.

The temporary increase of emission power at 600 and

650◦C observed in the AllWave Plus fiber was a result of

strong incandescence of black carbon soot left after decom-

position of the coating materials. Some of this radiation

was coupled into the fiber’s core. This carbon was burned

out at temperatures exceeding 700◦C. A negligible increase

in power while testing the AllWave FLEX Plus “bending

insensitive” fiber may be explained by its strong light guid-

ance and weak coupling of external radiation.

5.2. Change of Attenuation

The results shown in Fig. 7 are for the OFS AllWave FLEX

Plus fiber. The sample was heated twice. The first test

involved measurements at 1304 nm and 1000◦C for 40 min,

while the other at 1552.8 nm.

Fig. 7. Change of attenuation with temperature for OFS AllWave

FLEX Plus fiber.

During the first test, the fiber coating first shrank because

of decomposition and carbonization at approx. 400–500◦C,

which most likely caused the fiber to bend in a wave-like

fashion. The fiber undergoing the test was fixed using small

weights attached thereto 15 cm away from the furnace,

on both sides, meaning that some extra length could be

dragged into the tube. Next, the carbon soot burned with-

out residue at 600–700◦C, but the excessive length of the

fiber could not be pushed out and it remained bent. This

increased attenuation, which kept rising slowly with time

at 1000◦C, potentially due to the softening of the fiber and

a gradual increase in its curvature. The extrapolated rise
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of attenuation after 120 min was 0.06 dB/m. This corre-

sponds to approximately 0.20 dB/m at 1550 nm, taking

into account the typical wavelength dependence of losses

caused by bending.

When the fiber was heated again, changes in attenuation at

1553 nm were below the measurement’s uncertainty thresh-

old, estimated at 0.02 dB/m, as there was no coating to exert

forces on the glass fiber. The fiber attenuation changes that

were predicted and measured were much lower than the

1 dB/m acceptance limit set forth in EN 50582 [22], and

most of this attenuation budget is available to cover the at-

tenuation rise caused by fiber macrobending and/or crush

when the cable is deformed during the fire.

During the tests performed in [1] on the Corning SMF-

28 single-mode fiber, the attenuation of bare fiber heated

to 1100◦C remained stable (≤ 0.5 dB/m) for 48 h, but at

1150◦C it began to rise after 12 h. The report [1] does not

specify the test wavelength.

6. Test Results for Old Single Mode

Fiber

Here, the results obtained for the Siecor SMF-1528 fiber

(G.652.A) manufactured in 1993 are presented. This was

an equivalent of the popular Corning SMF-28 fiber, made

in Germany under license by Siecor GmbH.

6.1. Thermal Radiation

The same sample was tested twice, showing some signs of

decomposition and burning of the fiber coating and removal

of OH ions from the core of the fiber (the so-called drying

effect).

During the second part of the test, heating was continued

up to 1000◦C for 120 min, with amplitude of the main

Fig. 8. Power of thermal emission vs. temperature for the Siecor

SMF-1528 fiber. The values below −90 dBm are affected by

considerable uncertainty, as described in Section 4.

water peak at 1383 nm decreased by approx. 50%. The

first test also produced relatively few microscopic defects

in the fiber, made evident by weak, distributed scattering of

light injected by a 650 nm (red) laser, and by a considerable

increase in thermal radiation power at temperatures up to

700◦C, presumably due to the coupling of radiation emitted

into the fiber core by carbonized coating. The escape of

water at higher temperatures reduced the aforementioned

value again.

The power data obtained is presented in Fig. 8. The visi-

ble discontinuities found at 800 and 900◦C correspond to

spectral measurements, both lasting 25–30 min. At the end

of the first test, the fiber was kept at 1000◦C for 100 min.

During this time its thermal radiation decreased by 40% –

see Figs. 11 and 12.

Fig. 9. Spectrum of thermal emission acquired for the Siecor

SMF-1528 fiber at 800◦C. The vertical axis is optical power in

each spectrum slice of width equal to the analyzer’s resolution

bandwidth (10 nm).

The radiation spectra presented in Figs. 9–12 were acquired

during test 1. The 1246, 1383, 1393, and 1407 nm OH

bands listed in Table 1 are visible despite the 10 nm res-

olution, and their relative amplitudes are in agreement. In

the last spectrum shown in Fig. 12, a continuous compo-

Fig. 10. Spectrum of thermal emission for the Siecor SMF-1528

fiber at 900◦C.
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nent specific to the incandescence of ceramics appears. It

was coupled to the fiber’s core by the rising number of

defects in the glass – see Subsection 6.2.

Fig. 11. Spectrum of thermal emission for the Siecor SMF-1528

fiber at 1000◦C.

Fig. 12. Spectrum of thermal emission for the Siecor SMF-1528

fiber after 100 minutes at 1000◦C.

6.2. Light Scattering and Defects

Uneven and randomly distributed scattering of red light

from a 650 nm laser was observed in fiber samples heated,

over the period of several hours, to 900–1000◦C, but never

in adjacent sections of the same fiber not exposed to high

temperatures.

An example of longitudinal distribution of light scatter-

ing intensity in a heat-degraded Siecor SMF-1528 fiber is

shown in Fig. 13. This was the sample tested in Subsec-

tion 6.1, but part of it was damaged during handling. In-

terestingly, there is no full correlation between intensity of

lateral scattering and backscattering.

Observations made with the use of an optical microscope

showed that the locations scattering visible light launched

into the fiber sample turned out to be small spots and long

wavy lines formed on the fiber’s surface, from which cracks

Fig. 13. Intensity of 650 nm light scattered laterally along

a 62 cm section of the Siecor SMF-1528 single-mode fiber heated

in free air to 900–1000◦C for 4.5 hours and observed at room tem-

perature. The image was obtained by averaging all pixels in each

column in a photo of the fiber (c) and corresponding distribu-

tion of luminosity (b). The top graph is an OTDR trace acquired

at 1550 nm with the OTDR – Luna Technologies OBR 4600

millimeter-resolution reflectometer.

usually extended into the cladding at different angles rela-

tive to the surface (Fig. 4). After cooling to room temper-

ature, the fiber was very brittle and could not be cleaned

without breaking. No defects were observed in the core.

The physical degradation of a fused silica fiber subjected to

high temperatures may be described in the following way.

At temperatures above 850–900◦C, fused (glassy) silica is

slowly converted into its crystalline form known as cristo-

ballite, which has higher specific gravity of 2.35 vs. 2.20,

and a refractive index of 1.485 vs. 1.458 at 589.3 nm (nD)

wavelength. The crystallization of fused silica is intensi-

fied by the presence of water vapor in the gas mixture in

the glass fiber’s outline [1]. Water vapor is a product of

thermal decomposition of oxygen-containing polymers, in-

cluding poly(butylene terephtalate) [36], the most popular

material of which loose tubes in fiber optic cables are made,

and acrylates [37], of which primary coatings of optical

fibers are made. It is also a product of burning of virtually

all polymers (e.g. jacket of cables) and wood. Rose and

Bruno [38] presented a short description of this process

and listed the literature focusing on the subject.

The crystallization causes a localized strain after the loss

of approximately 6% of the material’s volume. This strain

can initiate cracks penetrating the fiber cladding. A crack

in the vicinity of or penetrating the core will disturb light

guidance by deflecting some light away, thus resulting in

scattering. Minuscule grains of cristoballite embedded in

fused silica will cause omnidirectional scattering of both

guided light – when inclusions are in the core, and exter-

nal light – when inclusions are in the cladding. Defects
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of the first type produce backscattering and loss of guided

light from the fiber core, increasing its attenuation. Defects

of the other type redirect some of the external thermal ra-

diation to the fiber’s acceptance cone.

The size of crystal grains observed on the surface of moder-

ately heat-degraded fibers, after heating to 1000◦C for sev-

eral hours, as reported in literature [1], [38]–[40] usually

equals 3–30 µm, which is in agreement with our observa-

tions (Fig. 14). Cracks in fiber cladding after heating to

850◦C for more than 8 hours, or to a higher temperature,

were reported by Rose [39], who concluded that a strong

rise in attenuation of the fiber kept at 1100◦C is explained

by the formation of microcrystals – not only on the surface,

but also inside the fiber core. The fiber tested had the same

design and dimensions as SMF-1528 (type of fiber was

not indicated). Shikama et al. [40] observed “spots” on

the fiber surface only, which were approximately 3× larger

than those showed in Fig. 14, but no cracks after heating to

1000◦C for 15 hours. The fiber tested had a cladding made

of fluorine-doped fused silica instead of pure silica used in

SMF-1528.

Fig. 14. A light-scattering location in fiber from Fig. 13, at

OTDR distance about 45 cm, seen under microscope. The right-

hand part of defect is a long crack extending into fiber cladding.

The entry of broadband thermal radiation from the hot sur-

roundings into the fiber has been reported back in the days,

together with an observation that fiber deterioration respon-

sible for this phenomenon is enhanced by defects produced

by gamma radiation from a 60Co source [2], [40]. Both pa-

pers did not elaborate on any optical coupling mechanisms.

7. Test Results for 50/125 µm OM2

Multimode Fibers

7.1. Thermal Emission vs. Temperature

The fiber under test was OFS 50 µm graded-index

OM2 [41], manufactured in 2019. The sample was tested

four times, with the maximum temperature during test 1

set at 900◦C to avoid a rapid fiber failure observed during

several other experiments. The results are similar to those

obtained for the old single mode fiber, except for stronger

radiation.

Figure 15 shows power measurement data, while the spec-

tra acquired are presented in Figs. 16–19. After an initial

Fig. 15. Power of thermal emission vs. temperature for the OFS

MM50 fiber. Values below −90 dBm are affected by measurement

uncertainty.

Fig. 16. Spectrum of thermal emission for the OFS MM50 fiber

at 800◦C in test 1.

Fig. 17. Spectrum of thermal emission for the OFS MM50 fiber

at 900◦C in test 1.

rise in emission intensity (Figs. 16 and 17), a further tem-

perature increases to 800–1000◦C for 4 hours triggered the

water escape and reduced the amplitude of OH emission

peaks by approx. 80% (7 dB). As shown in Fig. 12, the

last two spectra include a broadband component. This in-
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Fig. 18. Spectrum of thermal emission for the OFS MM50 fiber

at 1000◦C in test 2.

Fig. 19. Spectrum of thermal emission for the OFS MM50 fiber

at 1000◦C in test 4, after 4 hours of heating to 800–1000◦C.

dicates the coupling, into the fiber, of radiation emitted by

the glowing ceramic tube of the oven. Interestingly, none of

the multimode fibers have showed any detectable emissions

at 945 nm (Table 1).

7.2. Change of Attenuation vs. Temperature

The tested fiber was the Fujikura FutureGuide-MM50 [42]

manufactured 2019. The sample was heated twice: the first

test involved measurements performed at 1304 nm, while

the other at 842 nm.

The changes in attenuation observed (Fig. 20) did not ex-

ceed 0.025 dB/m. As in the single mode fiber, higher values

appeared during the first test, when the fiber coating was

carbonized and burned. During this experiment, we expe-

rienced random variations of indicated attenuation due to

imperfect coupling between the Fabry-Perot laser sources

and the fiber tested, and due to reflections in the fiber optic

connectors back into the laser.

During tests performed on the 50/125 µm multimode fiber

of a similar design [1], the attenuation of fiber heated in the

air to 1100◦C remained fairly stable (≤ 1 dB/m) for over

300 h, but at 1200◦C, it began to rise fast after less than

Fig. 20. Attenuation vs. temperature for the Fujikura Future-

Guide-MM50 fiber.

20 h and the fiber essentially lost its optical continuity after

40 h. The report does not indicate clearly the wavelength

at which the attenuation was monitored – most likely it was

1064 nm.

8. Overview of Spurious Radiation in

Hot Silica Fibers

This section describes the characteristics of spurious radia-

tion appearing in telecom type fused silica fibers subjected

to a fire. The data presented comes from literature and

from the experiments conducted. Other cable families, e.g.

specialty fibers with a pure silica core and fluorine-doped

cladding, intended for high temperature and radiation envi-

ronments, may behave differently [1].

8.1. Thermal Radiation Generated in Fiber

Thermal emission of radiation in an optical fiber is pro-

portional to the intensity of radiation absorption at a given

wavelength, but not to scattering. The peaks correspond to

absorption bands associated with the presence of OH ions

in the glass constituting the fiber core, and intensity of

emission peaks is proportional to the added attenuation in

OH absorption bands, also known as “water peaks”. This

phenomenon was reported thanks to research on high tem-

perature fiber sensors [1], [2], but the tests were performed

mostly on specialty fibers with a high OH content.

Peak wavelengths with relative absorption (and thus the

expected emission) intensities of OH absorption bands be-

tween 700 and 1700 nm calculated using the data published

in [43] are presented in Table 1. Intensity of OH emission

at wavelengths close to 1390 nm rises along with tempera-

ture, in accordance with the Arrhenius formula and 1.13 eV

activation energy, as reported by Shikama et al. [40]. This

dependence is useful for temperature sensing with a short

piece of a special high-OH fiber.
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Table 1

OH absorption bands in fused silica

Peak wavelength [nm] Relative intensity [dB]

724 −29.1

825 −42.2

878 −28.9

943 −16.1

1139 −29.5

1246 −13.7

1383 0.0

1393 −2.4

1407 −7.0

The increase of attenuation in the three strongest adjacent

OH absorption bands: 1383 nm, 1393 nm and 1407 nm in

old single-mode fibers conforming to the ITU-T G.652.A

standard [29] may reach 2 dB/km at 20◦C. In “low wa-

ter peak” single-mode fibers conforming to G.652.D or

G.657.A/B [30] standards, values of up to 0.05 dB/km are

typical. All three OH bands are frequently combined as

a single “1390 nm water peak” due to low resolution of

spectral measurements. The examples of spectra are pre-

sented in Subsections 6.1 and 7.1.

Two other mechanisms, namely phonon absorption and UV

absorption, noticeably contribute to the increase in attenu-

ation at wavelengths longer than 1750 nm or shorter than

500 nm, respectively. While the first type of radiation

lies outside the sensitivity range of common fiber optic

receivers and power meters, receivers based on 850 nm

silicon photodiodes are somewhat sensitive to short-wave

radiation of the second type.

The measurements performed by the authors in the 700–

1700 nm range with the Yokogawa AQ-6315B optical spec-

trum analyzer only detected radiation peaks coinciding with

the four strongest OH bands listed in Table 1. The probable

explanation is that spectral measurements are characterized

by low sensitivity. Attenuation added at the absorption peak

had to exceed 0.2 dB/km at room temperature for the corre-

sponding emission from a 1 m long fiber sample at 1000◦C

to be detectable with the spectrum analyzer available.

After commercial introduction of “OH-free” or “low water

peak” dispersion unshifted single mode fiber in 1999, this

product was steadily increasing its market share to reach

the value of 90% today. However, cheap OH-contaminated

fibers are still sold and permitted under the ISO/IEC 11801

standard for structural cabling [32]. The authors expected

“OH-free” fibers to exhibit weak incandescence. Pre-2000

single mode fibers contaminated with OH ions behave dif-

ferently. Multimode fibers widely used in local area net-

works, data centers and indoor communication systems ex-

hibit the strongest water peaks.

8.2. Thermal Radiation Coupled into Fiber

The highest level of interference is experienced when the

fiber is surrounded by a carbonaceous char whose emissiv-

ity is close to 1, as for a blackbody radiator. The wavelength

corresponding to peak blackbody emission λpeak may be

calculated in accordance with the Wien’s displacement law:

λpeak =
b

T +273.16
, (2)

where b is the Wien’s displacement constant of 2.898×
10−3m ·K, and T is the temperature [◦C]. Under fire con-

ditions, the peak wavelengths are 2700–2277 nm. In the

spectral range relevant for fiber optic transmissions and test-

ing, i.e. 800–1650 nm, spectral density of blackbody ther-

mal radiation rises with an increase in wavelength.

However, spectra of radiation emitted by char and delivered

by the optical fiber to the spectrum analyzer differ from

the theoretical curves – see Fig. 21. In particular, the

fall of power at wavelengths close to 1390 nm wavelength

results from high fiber attenuation at three combined OH

absorption peaks (Table 1).

Attenuation at 1390 nm, as tested by Rose and Bruno [38]

in a single-mode fiber similar to SMF-1528, was tem-

Fig. 21. Spectra of radiation emitted by carbon char left from

pyrolysis of acrylate polymer the fiber-tight buffer was made of,

at 800◦C (a) and 1000◦C (b), collected at the end of a 2.5 m long

50/125 µm multimode fiber, of which approx. 0.3 m was placed

in the hot zone of the furnace.
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perature-dependent, reaching 8.5 dB/m at 950◦C. However,

the fall to 3.5 dB/m at 1000◦C reported there appears to be

caused by the “drying” of fiber [39] – see Subsection 8.3.

In our experiment, the estimated attenuation of a multi-

mode fiber [38] for 1390 nm was 6.3 dB/m at 800◦C and

7.6 dB/m at 1000◦C.

8.3. Intensity of Thermal Radiation vs. Time

The power of both kinds of thermal radiation described

above varies considerably with the duration of heating, but

in opposite ways.

The heating of a bare fused silica fiber to 800◦C or more de-

composes hydroxyl (OH) ions, producing hydrogen which

diffuses through the fiber cladding [39], and the OH-related

emission peaks fade gradually [1], [2]. This effect re-

duces optical interference and is beneficial in high tem-

perature applications of optical fibers. In the experiments

we conducted, the heating of both single-mode and multi-

mode telecom fibers with pure silica cladding to 1000◦C

for 1 h (the approximate duration of such an exposure

during a DIN 4102-12 fire test) decreased the amplitude

of emission peaks by approx. 50%. In a depressed-clad

single-mode fiber (Lycom SM-DC) with fluorine-doped in-

ner cladding this process was slower, with the half-fading

time equaling approximately 2 h. During the tests per-

formed by Honda et al. [2] on a pure silica core fiber with

25 µm thick fluorine-doped cladding (compared to approx.

5 µm in the SM-DC fiber), the half-fading time at 1000◦C

was about 80 h. A chemical reaction between fluorine

and hydrogen, slowing down the latter’s diffusion through

the layer of fluorine-doped silica glass, is a potential

explanation here.

Such thermally induced fading of fiber incandescence has

been reported recently [1], [2], [38] for several types of

fused silica fibers. Additionally, it was documented that

specialty fibers with high OH content emit considerably

stronger radiation than low-OH telecom fibers [1].

Crystallization and the related cracking of fused silica at

900–1000◦C progress steadily with time, and the power

of coupled radiation rises slowly, starting from a very low

initial value. This effect was reported i.e. in [2], [38], [40],

but without any explanations of the physical phenomena

behind the coupling of external radiation to the fiber.

In addition to slow degradation after heating for 1 h (and

more), the authors observed several sudden and rapid fail-

ures (within 30 seconds) of fiber samples at temperatures

over 900◦C. The samples began to emit powerful radiation

and lost their optical continuity. The damaged sections

were short (approx. 2 cm), had milky-white appearance,

and scattered away all light launched into the fiber. This

type of fiber failure occurred only in some cases, when mul-

tiple samples were tested in the same conditions. Localized

runaway crystallization reaching the fiber core, potentially

initiated by surface contamination, is the presumed cause

here.

Consequently, the radiation spectrum evolves during the

heating (and exposure to gamma radiation, if present) –

the share of broadband thermal radiation coupled from the

outside increases. This is proved by the spectra measured

in our experiments (Figs. 11–12, 16–19) and in [2], [38].

8.4. Radiation Intensity vs. Fiber Type

Power of radiation emitted by a unit of the fiber’s length

depends on the following:

• attenuation caused by OH content,

• fiber ability to collect radiation emitted omnidirec-

tionally.

Telecom-grade single-mode fibers have a lower core di-

ameter and numerical aperture (NA) than their multimode

counterparts (OM2–OM5): 7–9 µm vs. 50 µm and approx.

0.14 vs. 0.20, respectively. Single mode fibers are charac-

terized by a low diameter of the light-guiding core, typically

equaling 7–9 µm. The mode field diameter (MFD) listed in

fiber data sheets is 20–40% larger due to diffraction effects,

and increases with wavelength.

The power of thermal radiation generated in a unit of the

fiber’s length is proportional to the core area, while the por-

tion of this emission accepted by the fiber is proportional to

the square of NA. Correspondingly, the difference between

thermal emission exiting equal lengths of single-mode and

multimode fibers with equal OH content is between 1:50

and 1:100 or 17–20 dB. A similar relationship may be as-

sumed for the radiation coupled from the outside.

Values of thermal emission power measured by the au-

thors with the InGaAs detector (sensitivity range of 800–

1700 nm) are presented in Table 2. The results apply to

a relatively short heating period lasting 1–2 h.

Table 2

Power of thermal radiation from 1 m samples

of fibers at 900◦C

Type of fiber Standard
Power of thermal
radiation [dBm]

Single-mode –
low water peak

G.652.D,

G.657.A
−85 . . .−82

Single-mode –
with water peak

G.652.A −71 . . .−66

50/125 µm graded
index multimode

OM2 −60 . . .−52

8.5. Radiation Intensity vs. Fiber Length

radiation launched into the fiber is proportional to its length

being heated, the power exiting this section of the fiber is

not. This is due to the rise of fiber attenuation in the fire

affected zone. Under such conditions, the power of ther-

mal radiation rises initially with length, and later saturates

when the power added in each imaginary fiber section just

compensates for the losses caused by high attenuation.

For the maximum attenuation values defined in EN

50582 [19]: 1 dB/m (SM fiber) or 2 dB/m (MM fiber),
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the saturation length is approx. 4 m and 2 m, respectively.

While the high level of thermally induced attenuation in

the vicinity of the 1390 nm emission peak may shorten

saturation length to much less than 1 m in a multimode

fiber, the authors have measured the total power of up to

−37 dBm at 950◦C during a fire test of a 32 m multimode

cable. However, this particular OM2 fiber could be easily

thermally damaged during other experiments.

9. Discussion

The influence of high temperatures on the optical properties

of telecom fibers made of fused silica has been covered in

relatively few research papers with most of these focusing

on fibers used for sensing in harsh environments. We failed

to find a single publication (other than a few cable fire test

reports) dealing with the optical phenomena in fibers inside

a fire-resistant cable under fire conditions.

Results of the majority of the experiments conducted, e.g.

measurements of spectra and time dependence of thermal

radiation, are confirmed by data published by other authors.

Alas, most of such data [1], [2], [40] is related to specialty

multimode fibers with a core diameter of 50–200 µm, of-

ten with a pure silica core and fluorine-doped cladding,

and with OH content substantially higher than in telecom

fibers. The only test data for single-mode and multimode

fibers of the telecom type is presented in [1]. This pa-

per also includes formulas and parameters concerning fiber

“drying”, fading of OH thermal emission with time, as well

as temperature dependence of the power of emission. How-

ever, article [40] a different activation energy: 1.13 eV vs.

0.76–0.86 eV.

The available data on defects caused by fiber heating and on

the associated optical effects, such as light scattering and

coupling into fiber, is scarce, but is generally in alignment

with our findings. Fiber cracking after heating to 1000–

1100◦C has been reported recently [1], [39], while Honda

et al. [2] and Shikama et al. [40] detected the coupling

of external radiation emitted by a hot ceramic tube of the

oven, the intensity of which rose with the duration of expo-

sure to high temperature (up to 100 h at 1000◦C) and with

the dose of γ radiation received by the fiber during the test.

Despite the fact that the type of fiber tested was different:

200/250 µm [2] or 125 µm [40] step-index multimode with

a pure silica core and fluorine-doped cladding, the radiation

spectra were essentially identical to ours. However, inten-

sity of the main radiation peak at 1390 nm rose steadily

with time (no fading), and the authors of paper [2] sug-

gested that γ irradiation damage was the only source of

light-coupling defects.

This hypothesis is contradicted by measurements of emis-

sion spectra from a fiber heated without γ irradiation, pub-

lished in [2], [40], where emergence of broadband back-

ground radiation is visible - although it was much stronger

with γ irradiation.

The literature and the standards fail to address the detrimen-

tal effects that optical interference emerging in hot fibers

may have on their use as transmission medium, and during

attenuation testing.

The key issues related to fibers used in fire resistant cables

are:

• high levels of thermal radiation in multimode fibers,

up to −36 dBm from a 33 m long fiber at 1000◦C,

• fast deterioration of the fiber, occurring after 1–2 h

at 1000◦C,

• sudden fiber failures above 900◦C.

9.1. Plans Concerning Further Work

The nature of defects responsible for optical and mechanical

deterioration of fibers at high temperatures deserves further

research that will focus on explaining rapid fiber failures

that occurred in our experiments. Cracks initiate a fiber

break even with moderate cable bends (see Fig. 4). The

cable will fail faster during the fire test and will be given

a lower certification rating.

In the future, we plan to test fibers in a typical loose tube,

as well as fibers encased in a hermetic metallic tube to

prevent ingress of air and simulate real conditions in a cable

subjected to fire. A detailed inspection of rapidly damaged

samples will be performed as well to explain the failure

mechanism and to determine whether it may affect a fiber

in a cable.

After documenting, in this paper, the effects of high tem-

peratures on fused silica fibers, we plan to perform a sep-

arate study focusing on means capable of remedying this

type of interference. Proper selection of wavelength and

the photodetector, together with optional use of an optical

bandpass filter, may eliminate the problem during trans-

missions. For attenuation measurements of fibers during

fire tests, a cyclic procedure of automatic background cal-

ibration and compensation was found to be effective; fil-

tering offers the extra improvement needed. A switch of

the wavelength at which attenuation changes of OM1–OM5

multimode fibers are measured from 1300 nm (stipulated

in most standards) to 850 nm is strongly recommended in

order to reflect all current applications.

10. Conclusions

The experiments performed on standard telecom fibers con-

firmed that:

• fused silica fibers heated to temperatures typical of

fires (800–1000◦C) may emit thermal radiation that

is strong enough to disrupt attenuation measurements

and data transmission;

• intensity of this radiation depends on the diameter of

the fiber core and OH content, being the strongest

in multimode fibers and negligible in OH-free (“low

water peak”) single mode fibers;
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• radiation originating from OH-contaminated fibers

is concentrated in OH absorption bands, mostly

1383/1393/1407 nm, and can be blocked by band-

pass filters;

• prolonged heating of pristine fibers to 800–1000◦C

results in a gradual escape of water, in a decrease of

the fiber’s thermal emission (beneficial), in the cre-

ation of defects causing light scattering, in coupling

of thermal radiation from hot surroundings into the

fiber and in its mechanical deterioration by cracking

(harmful);

• the change of fiber attenuation resulting from heating

alone is below 0.1 dB/m;

• several fiber samples failed rapidly when heated

above 900◦C, losing their optical continuity, prob-

ably due to surface contamination.
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