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INTERNATIONAL ELECTROTECHNICAL COMMISSION

OPTICAL FIBRES -
GUIDANCE FOR NUCLEAR RADIATION TESTS

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to
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hical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred ‘to

Frnmental organizations liaising with the IEC also participate in this preparation. IEC)collaborate

ement between the two organizations.

ormal decisions or agreements of IEC on technical matters express, as nearly)as possible, an inte
bnsus of opinion on the relevant subjects since each technical committeeshas representation
ested IEC National Committees.

Publications have the form of recommendations for international use”and are accepted by IEC

cations is accurate, IEC cannot be held responsible for the way in which they are used or
terpretation by any end user.

parently to the maximum extent possible in their natiohal and regional publications. Any di
ben any IEC Publication and the corresponding nationalhor regional publication shall be clearly ind
tter.

Ces carried out by independent certification bodies.

ers should ensure that they have the latéstedition of this publication.

hses arising out of the puplication, use of, or reliance upon, this IEC Publication or any o
cations.

tion is drawn to the Normative references cited in this publication. Use of the referenced public
bensable for the correctapplication of this publication.

tion is drawn to the’ possibility that some of the elements of this IEC Publication may be the s
t rights. IEC shall not be held responsible for identifying any or all such patent rights.

in task(ofi IEC technical committees is to prepare International Standards. How|

elds. To

bnd and in addition to other activities, IEC publishes International Standards, Technical Spécifications,

as “IEC

cation(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
e subject dealt with may participate in this preparatory work. International, governmental gnd non-

closely

the International Organization for Standardization (ISO) in accordance with conditions determpined by

fnational
from all

National

mittees in that sense. While all reasonable efforts are made to ensutre that the technical conterlt of IEC

for any

der to promote international uniformity, IEC National Committees undertake to apply IEC Pullications

ergence
cated in

tself does not provide any attestation of conformity. Independent certification bodies provide cgnformity
Esment services and, in some areas, access, to-IEC marks of conformity. IEC is not responsiblg for any

bbility shall attach to IEC or its directors, employees, servants or agents including individual experts and
pers of its technical committees and IEC National Committees for any personal injury, property dgmage or
damage of any nature whatsgeyer, whether direct or indirect, or for costs (including legal fg¢es) and

her IEC

ptions is

bject of

ever, a

technidal committee may propose the publication of a technical report when it has cqllected
data off a/different kind from that which is normally published as an International Stand
example\istate of the art".

ard, for

IEC 62283, which is a technical report, has been prepared by subcommittee 86A: Fibres and
cables, of IEC technical committee 86: Fibre optics.

This second edition cancels and replaces the first edition of IEC/TR 62283 published in 2003
and constitutes a technical revision.

The main changes with respect to the previous edition are listed below:

Cla

use 5 now also covers Industrial environment.

a new Clause 9 has been added to deal with "Measurement techniques and quality

ass

urance of attenuation measurements".
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting
86A/1312/DTR 86A/1327/RVC

Full information on the voting for the approval of this technical report can be found in the
report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

The cdmmitiee has decided that the conienis of this publication will remain unchangéd until
the stdbility date indicated on the IEC web site under "http://webstore.iec.ch” in\the data
related|to the specific publication. At this date, the publication will be

* recpnfirmed,

* withdrawn,

» replaced by a revised edition, or
*+ amended.

A bilingual version of this publication may be issued at a later date.
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INTRODUCTION

In order to restrict the test method of IEC 60793-1-54, Optical fibres — Part 1-54: Measure-
ment methods and test procedures — Gamma irradiation to a clear, concise listing of
instructions, the background knowledge that is necessary to perform correct, relevant and
expressive irradiation tests as well as to limit measurement uncertainty is presented here
separately as a "guidance document".
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OPTICAL FIBRES -
GUIDANCE FOR NUCLEAR RADIATION TESTS

1 Scope

This technical report gives a short summary of the radiation exposure in certain environments
and applications and the different radiation effects on fibres. It also describes the most
important radiation effect, i.e. the increase of transmission loss, and its strong dependence on
a varidty of fibre properties and test conditions. These dependencies need to be known in
order o perform appropriate tests for each specific application as well as to understand,
compafe and qualify the test results obtained at different laboratories whenJperformed
accord|ng to IEC 60793-1-54, Optical fibres — Part 1-54: Measurement methods ahd test
procedures — Gamma irradiation.

2 Nagrmative references

The following referenced documents are indispensable for thelapplication of this doqument.
For dafed references, only the edition cited applies. For undated references, the latest|edition
of the leferenced document (including any amendments) applies.

IEC 60[f93-1-40, Optical fibres — Part 1- 40: Measurement methods and test procedures —
Attenugtion

IEC 60[f93-1-46, Optical fibres — Part 1-46::Measurement methods and test procedures -
Monitofing of changes in optical transmittance

IEC 60[f93-1-54, Optical fibres — Part 1-54: Measurement methods and test procedures —
Gamma irradiation

3 Radiation units, dose calculation

The inferaction of radiation with matter depends on charge, mass and energy in the ¢ase of
particlg radiation (far ‘example, electrons, protons, neutrons, alphas and heavy ions) pnd on
energy| in the case* of electromagnetic radiation such as X-rays or gamma quantp. The
interaction causes an energy transfer to the respective matter. This leads to ionizatipn and
warmirg up.-Additionally structural damage in the material may occur at higher doses, |eading
to othef effects such as changes of refractive index or mechanical properties.

The higher the radiation's energy, the stronger its penetrability and the longer its range. The
energy unit is the electron Volt (eV). Usual radiation energies in natural or technical
environments range from tens of keV (medical X-rays) to several MeV (fission or fusion
reactors and nuclear weapons). Current energies at high-energy physics accelerators vary
depending on the type of colliding particles. The highest energy for electron-positron
collisions is 100 GeV per beam. For proton-proton collisions the energy per beam is 1 TeV.
The new "Large Hadron Collider" (LHC) at CERN uses beams with an energy of 7 TeV. In
addition, there are quite a number of other accelerators which operate between these limits.

Note that these energies refer to the colliding particles. The secondary particles, i.e. the ones
likely to affect fibres, have much lower energies.

The energy deposited by ionizing radiation in matter is called "energy dose" (or absorbed
dose). The old unit is rad, (rd or rad); 1 rad = 100 erg/g (1 erg = 10~/ J) but should not be
used anymore. The Sl unit is the Gray [Gy]; 1 Gy = 1 J/kg = 100 rad.
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Some dosimeter types measure the charge released in a gas (for example, ionization
chambers). This was used to define another type of dose, the "ion dose". The ion dose unit is
the réntgen (non-SlI unit), [R]; 1 R = 2,58 x 10~4 C/kg, with C = charge unit (coulomb).
Conversion of ion dose, D', to energy dose, D, can be performed for 69Co gamma rays (about
1,2 MeV) by

D=0,879@ D' (1)

If this unit is used, the values of relevant quantities shall be given in terms of Sl units first
followed by these non-Sl units in parentheses.

The erlergy transfer of gammas and X-rays to matter depends on their energy as 'wel] as on
the irrddiated material. Therefore, the material has to be added to the dose unity(for example
[Gy(Si)], [rad(SiO,)], [Gy(air)] etc.), and the dose D(d) measured with a dosiméetér magerial d
(for expmple, air) can differ significantly from the dose D(m) deposited in(the investigated
material m (for example, Si, SiO,, InGaAs etc.).

The dofse ratio between both materials D(m) is given by the ratio oftheir "photon mass [energy
absorption coefficient" g, /p:

D(m) = Hen /P 5 @)
(uen /p)d

The ud,/p-values can differ significantly, especially for materials of high and low |atomic
number at energies < 300 keV. They are tabulated for various elements and compounds in
refererice [1]1.

The ddse rate, i.e. the dose exposition jper time, should be given in units of Gy/h, kGy/h, or
Gyl/s.

particlgs/cm? or only cm~2. THe Jdose of charged particles (in a certain material depth) [can be
calculated from their fluence. and their (energy-dependent) energy loss per unit of [length,
dE/dx (= stopping power):

The iriensity of particle radiation” is usually characterized by the fluence ®. The [unit is

p=— 2 (3)

with p |= material density. The stopping power can be calculated with the software package

"SRIM'|2x5€e [2]. The particle fluence per time unit is called flux or flux density. The|unit is
-2 g7

cm—4 s

The neutron dose D, can be calculated from its fluence @, and the energy and material
dependent "fluence dose conversion factor” or "kerma factor" k(E,,Mat.):

D, =®, - k(E,,Mat.) (4)

n’

The kerma-factors are tabulated for a variety of elements and compounds in [3].

1) Numbers in square brackets refer to the bibliography.

2) SRIM is the trade name of a product supplied by IBM. This information is given for the convenience of users of
this Technical Report and does not constitute an endorsement by IEC of the product named. Equivalent
products may be used if they can be shown to lead to the same results.
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4 Radiation shielding

Shielding of optical fibres against (especially gamma) radiation is in most cases not
reasonably achievable since, for example, gamma rays of 1 MeV are attenuated to 1/10 of
their initial intensity only by 5 cm of lead.

However, buried fibre cables that are layed in at least 1 m depth are shielded against 1 MeV
gamma rays by about a factor of 104.

5 Radiation environments and exposure

5.1 Natural radioactivity

The predominant radiation type is gamma rays. Typical annual dose value for €arth cables or
undersea cables is <0,004 Gy. The total dose during an expected cable lifefime of 2% years
would thus be <0,1 Gy. Distinctly higher values are possible, for example! above urangium or
thorium ore deposits. The dose and dose rates are typical and may vary’depending|on the
specifi¢ application.

5.2 Nuclear reactors (fission)

Optical fibres can be exposed to gamma rays as well as to-thermal and fast neutrond. Dose
and fluence values depend strongly on the place within thHe reactor building and the operating
conditipns of the reactor (for example the power delivery, normal operation or accident)|

Within fthe containment area, exposure levels range)from 0,001 Gy/h to 0,03 Gy/h up t¢ about
1 Gy/h[near the primary coolant lines. The dosg,rate around the fuel rods is of the grder of
103 Gyfh. In the early stage of an accident, dose rates as high as 104 Gy/h will occut within
the containment [4].

The ndutron flux (= fluence ® per unity of time) within the containment can range from about
10 cm2s~! up to about 102 cm—2srThear the fuel rods.

The dose, dose rates and neutron fluence are typical and may vary depending on the gpecific
applicqtion.

5.3 Fusion reactors

The primary radiation emitted after the fusion of deuterium (D) and tritium (T) nudlei are
14 MeV neutrons and 4He nuclei (energy about 3,5 MeV). The 4He ions are very short-ranged
and will not-reach optical fibres that might be used as sensors or to transfer data, wherg¢as the
fast ndutrons are very penetrating and will also activate the structural materials aroynd the
reaction chamber. These materials then emit high gamma ray intensities also after reactor
turn-off.

Again, the total dose and neutron fluence values depend strongly on location and operation
conditions.

For the future test facility ITER (International Thermonuclear Experimental Reactor), gamma
dose rates at the first wall of about 2x102 Gy/s and life dose values of 107 Gy to 109 Gy are
expected. The neutron fluence there could reach values up to 1020 cm™2.

At inertial confinement fusion (ICF) facilities such as "Laser Megajoule" (France) or "National
Ignition Facility" (USA) diagnostic equipment, comprising also optical fibres, is exposed to
pulsed radiation of up to 103 Gy at dose rates up to 1010 Gy/s.

The dose and dose rates are typical and may vary depending on the specific application.
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5.4 High-energy physics experiments

Usually, in high-energy physics, electrons or protons with energies as high as several
100 GeV (protons) are used to study elementary particles. In order to increase the reaction
energy it is common that two beams collide within a reaction zone which is surrounded by
huge detectors analyzing the reaction products. The accelerator tube and the inner parts of
the detectors will become highly radioactive, especially if protons collide.

The secondary radiation that threatens the accelerator control instruments and the detector
read-out equipment mainly consists of pions (mean energy several 100 MeV), gamma rays
and, at radii >50 cm, of neutrons with maximum energies up to more than 100 MeV, but a
mean energy of only about 1 MeV to 2 MeV. The radiation intensities strongly depend on the
operating conditions (particle energy, beam current), the distance from the beam line, and the
emissipn angle (maximum in beam direction). Particularly in the beam cleaning sections, high
radiatign levels may occur.

The arnual total dose can be of the order of 10° Gy to 106 Gy and the neutron fluence can
reach Values from 10713 cm=2to 10'% cm=2. The dose and dose rates are typical and mdy vary,
depending on the specific application.

5.5 Bpace environments

Close fo the earth the dominating radiations are solar protons, trapped protons and trapped
electrops. "Trapped" means trapped by the magnetic field of the earth, within the Vap Allen
Belts.

The elgctrons are concentrated in an inner zone (ending at about 2,4 earth radii) and ap outer
zone (petween about 2,8 earth radii and 12 earth radii). Their maximum energy i§ about
7 MeV/] They can be stopped, for example, by“about 10 mm Al. During the slowing down
procesp in matter, they produce penetrating X-rays (Bremsstrahlung).

The proton flux decreases with increasing distance from earth. The maximum energy is
several 100 MeV. For example, the range of 300 MeV protons in Al is about 24 cm. Mofe than
90 % of the protons have energies below 100 MeV.

In a geostationary orbit (for example, 15° east) the total annual dose behind 3 mm Al ig nearly
600 Gy, of which about §50 Gy is caused by trapped electrons and about 50 Gy by solar
protong. In a low earth-erbit (LEO), height 1 000 km and 70° inclination, the total annual dose
of aboyt 823 Gy (behind 3 mm Al) is composed of about 400 Gy trapped electron contribution,
about 420 Gy trapped proton contribution and 3 Gy solar proton contribution.

Additiohally.to~the above-mentioned radiation types, cosmic rays are an additional fype of
space fadiation. The "primary" cosmic rays are a low flux of high energetic particles|(about
85 % grotens, 14 % alpha particles and about 1 % heavier nuclei). Their contribution to the
total dose, however, is negligible.

Particle fluences for certain orbits and dose values can be calculated, for example, with the
"SPENVIS" system [5]. The dose and dose rates are typical and may vary depending on the
specific application.

5.6 Medicine

For radiography purposes (diagnostics) X-rays with energies <100 keV are used. With modern
image intensifier techniques dose values <103 Gy are sufficient to take a series of
expressive pictures.

Irradiation of tumours is made with 60Co gamma rays, high energy electrons (20 MeV to
30 MeV), high energy protons (60 MeV to 300 MeV) or heavy ions (for example 12C, 2 GeV to
4 GeV), and thermal or fast neutrons. Dose values within the tumour can reach several Gy per
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"session". The dose and dose rates are typical and may vary depending on the specific
application.

5.7 Military environments

The radiation emitted from a nuclear weapon can be divided into prompt (gamma) radiation
emitted during the explosion phase within a time of about 108 s, and a delayed component
(gammas and fast neutrons) becoming effective after times of up to 1 min. Despite the fact
that the contribution of prompt radiation to the total dose is less than 10 %, this component
can be very destructive because of its high dose rate (for example, 1 Gy within 108 s, i.e. a
dose rate of 108 Gy/s). Therefore, special tests with pulsed radiation sources (for example,
flash X-ray generators) would have to be performed to simulate this radiation component.

Total qose and neutron fluence depend on weapon strength (explosive force), the Weapon
type (dontribution of fusion energy), and the distance from the explosion site.(The rgddiation
emission for a given explosive force can be increased by increasing the fusign contribution
("neutrpn bomb" or "radiation enhanced weapon"). According to the "balanced hardening”
principle, fibre cables should not withstand extremely high radiation dose” values n¢ar the
center jof the explosion, where heat and shock wave will destroy the cable’anyway.

Typical (initial) radiation exposure levels are

— prompt radiation dose rate 108 Gy/s to 10° Gy/s (prompt dose 1 Gy to 5 Gy),
— totgl dose 30 Gy to 100 Gy,
— fas{ neutron fluence 1072 cm=2 to 1013 cm=2 (1 MéV).

With h|gh-altitude (= exo-atmospheric) nuclear explosions the high amount of X-ray [energy
will noff be absorbed and can cause significant damage, even far away from the explosipn.

Apart from the initial radiation (emitted (within about 1 min after explosion) "fall oyt" can
severe|y contaminate large areas, dependent on explosion height, direction and strepgth of
the wind, and rainfall. Dose levels up o several tens of Gy can be reached within 10 h fo 15 h
after explosion in areas of severalh100 km?Z2.

Details| about radiation emission from nuclear weapons can be found, for example, in [B]. The
dose apd dose rates are typical and may vary depending on the specific application.

5.8 Jndustrial environments

Severdl industrial’applications benefit from ionising radiation. Examples are sterilisatipn and
material irradiations, especially plastic materials. For sterilisation either gamma sourcges with
high a[tivities or electron accelerators are used depending on the target material and
thickngss.,»Such gamma sources can have activities of up to exa-Becquerel (108 Bqg of EBQq).
Electron—accelerators—areoften-usedforcross-linkingof plastic-materials—Theyv-are-operated
with energies of up to several MeV. Here not only does the primary electron beam have to be
considered, but also the secondary X-ray field. The doses vary between the applications and
could be up to some 10 kGy or even MGy.

6 Irradiation facilities and dosimetry

6.1 General

In most environments radiation exposure is caused by different kinds of radiation, as outlined
in Clause 5. As long as gamma rays or high energy X-rays are the dominant radiation type it
might be sufficient to apply the expected total dose by gamma rays. However, in cases where
fast neutrons, protons and even high energy electrons contribute significantly to the total
dose, irradiation with these particle types might also become important for reasons that are
described briefly in 8.8.
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6.2 Continuous gamma irradiation

In most of the radiation environments, the mean gamma energy is around 1 MeV so that
irradiation tests can be made with the widely used radioactive isotopes 60Co or 137Cs. Their
gamma energy and half-life are about 1,25 MeV (mean value) and 5,3 years or 0,66 MeV and
30,2 years, respectively. Test samples (as well as dosimeters) would have to be covered with
the energy-dependent dose build-up layer in order to reach "secondary electron equilibrium".
For 60Co gamma radiation a layer thickness of 1,5 mm aluminium is sufficient [7].

Irradiation with distinctly higher gamma energy can also change the fibre degradation
mechanism (ratio of ionization and structural damage). Use of low energy gammas (or X-
rays), especially below 0,1 MeV, will lead to rapid variation of dose as a function of depth
within [Re Tibre sample and 10 dosimetry errors O0Se enhancement” at Interfaces_between
differept materials).

that is [necessary to reach the expected dose (see 8.7). Irradiation shouldytherefore ¢nly be
performed with dose rates recommended by the "test procedure" (if not otherwise specified) in
order tp give comparable results.

The rafliation-induced transmission loss of fibres also depends on dose rate,i-e. on t%e time
i

Dose [rate and/or dose can be measured, for example, (with ionization chambers,
thermofjuminescence dosimeters (TLDs) or radiochromatic films A dose build-up lqyer of
necesgary thickness has to be provided. At high dose rates:ionization chambers might show
unaccgptably high "recombination loss". Dose measurement with calibrated "dogimeter
fibres"|i.e. fibres with very high and non-annealing incréase of attenuation, (see [8], [9], [10],
and [1[1] and the literature cited therein), can give improved results for specific test ample
configyrations. Using optical fibres for dosimetry requires some experience to be rqutinely
applied.

6.3 Neutron irradiation

Differept radiation sources usually produce neutrons with a distinctly different |energy
spectrym, as outlined in Clause 4..n)[12], it is described how neutrons of different [energy
lead t¢ different fibre degradatioh. mechanisms. To investigate the influence of npeutron
irradiation on optical fibres it is\therefore not sufficient to apply a certain neutron fluepce. At
least the mean energy at the_test facility should be comparable with that of the rddiation
enviropment in question.

Radiogctive (o, n) néutron sources and spontaneous fission sources (mainly 252Cf) felease
"fast" rfeutrons with-énergies of several MeV. (o, n) sources are a mixture of a-emitters such
as Ra,| Am or Po{with Be. Collision of an o particle with a °Be nucleus can result i a 12C
nucleus and_a‘fast neutron. An Am-Be source with an activity of 1 Ci (= Curie) would only
yield apout™2x108 n/s (in 4m). Such sources are cheap, but their neutron output is too [low for
the ma'ority of the necessary tests.

Some fission reactors are used for test purposes. These research reactors can deliver high
fluxes (up to about 101% cm=2 s=1) of fast (mean neutron energy about 1 MeV) as well as slow
or "thermal" neutrons with energies <1 MeV, depending on the reactor design.

Relatively high fluxes of monoenergetic fast neutrons can be obtained with "neutron
generators". These are small accelerators where deuterons (d) are accelerated to energies of
only 0,2 MeV to 0,5 MeV. The deuterons are focused on a "target" that contains deuterium (D)
or tritium (T) and produce neutrons with an energy of about 2,6 MeV or 14,5 MeV,
respectively. The neutron output with a deuteron current of 1 mA is about 4x108 s~ or
1011 s=1, respectively (in 4r).

Very high intensities of fast neutrons can be produced at "spallation sources". These are
accelerators where protons with energies up to 1 GeV and beam currents up to 1 mA are
directed on to a heavy metal target (for example, Pb or Hg). In order to produce thermalized
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neutrons, the target can be surrounded by moderating material, and fluxes up to about
5x1014 cm=2 s~1 are available. Existing facilities are the SINQ source at Paul-Scherrer-
Institute (CH), ISIS at Rutherford Appleton Laboratory (UK), and SNS at Oak Ridge National
Laboratory (US).

Pulsed reactors (for example, of the TRIGA type) and, especially, "fast burst reactors" are
mainly used for nuclear weapons effects testing. They produce neutron pulses with a duration
of <50 ms or <0,1 ms, respectively. The neutrons are accompanied by high energetic gammas
that contribute about 10 % to the total dose.

Several neutron irradiation places are also available at CERN [13], [14]. The neutrons are
secon :ar\J/ prnrhlr%c and are mnefly released rinr'ing nuclear reoactions with high =y ergetic
protong. The energy spectrum is comparable with that of fission neutrons. Comparable
sourcep providing either a secondary quasi mono-energetic neutron beam {15]|or an
atmospheric neutron spectrum [16] are available at the Uppsala Neutron Beam™ Fagility of
TSL, Sweden.

example, fission neutrons with a mean energy of about 1 MeV) by heutrons with distinctly
different energy, for example, fusion neutrons with about 14,5 MeV:. From reference [3], it can
be caldqulated that 14,5 MeV neutrons will cause the same dose/in_SiO, as a fluence about 10
times Righer of 1 MeV neutrons. On the other hand, it is knownhat 14,5 MeV neutronq cause
only about 2,5 times higher structural or displacement damage (in Si) than the same fluence
of 1 MeV neutrons. One therefore has to know if and whelr fast neutrons degrade optidal fibre
performance by their deposited dose rather than by their displacement damage (see 8.9).

For solwe special situations, it is possible to simulate the effect of neutrens”of one energy (for

The fluence of fast as well as of thermal neutrons:is ' mainly determined by activation analysis
or fissipn chambers. For thermal neutron detection, a fission chamber contains, for edample,
235y ipstead of 238U for fast neutrons. Correspondingly, one has to choose for acfivation
analysis isotopes with high cross section.for fast or for thermal neutrons. The dose| of the
respective fluences can be calculated withy the material- and energy-dependent fluencge dose
convergion factors tabulated in [3]. The fluence of thermal neutrons can also be detgrmined
by calibrated dosimeter fibres with B=doped core [9]. For neutron energies >2,5 MeV, if has to
be congidered that high energetic 'recoil protons" out of the hydrogen (H) containing ¢oating
or cable materials can increase the dose in deeper layers of a fibre spool or in a cabled fibre
by up tp a factor of about five, dependent on neutron energy and hydrogen content [12]}, [17].

6.4 Proton irradiation

The oply environiment where greater lengths of optical fibres might be expoged to
considgrable fluehces of high energetic protons are the radiation belts of the earth (spe 5.5)
and, egpecially;-of Jupiter. Fibres are increasingly used, for example, for data bus sysfems of
satellites (usually multimode step-index (MM Sl) with pure SiO, core of high OH conter]t) or in
fibre allnplifiers or fibre lasers of "free space laser communication" systems (rare earth| doped
and potarizatiommaimtaiming-singte=mode (S fibres):

In reference [18], it was shown that ®0Co gamma and 60 MeV proton irradiation up to a dose
of 103 Gy (= 10% rad) leads to nearly the same radiation-induced fibre loss increase.
Obviously, the proton-induced loss seemed to be about 25 % lower. For an explanation, see
8.9. This general observation was also confirmed with rare earth doped fibres [19].

Since proton doses of 103 Gy are only obtained during several years in a "LEO" (see 5.5), it is
usually sufficient to make fibre tests up to the total dose (electron plus proton plus X-rays)
with cheaper and more convenient gamma irradiations. This does not hold for the
semiconductor components of a whole system where protons cause distinctly higher
displacement damage than gamma irradiation up to the same dose. For proton dose values of
104 Gy to 10° Gy as they might be obtained during longer Jupiter missions, the structural
damage caused by protons will be higher than the already existing defect concentration in as
drawn fibres, leading to higher loss increase (see 8.9). Therefore fibre tests can no longer be
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made with gamma rays. The proton energy should be comparable with the mean energy in the
respective space environment in order to have comparable ratios of ionization and
displacement damage.

Proton irradiations can take place at linear accelerators and, especially, cyclotrons that
deliver protons with energies between about 10 MeV and several 100 MeV. Such machines
are often used as injectors for research facilities in the GeV energy range (see 5.4).

For accurate, expressive fibre tests, the irradiated length should be at least 5 m to 50 m,
depending on fibre type. The fibres can be coiled up to spools, but their diameter should be
greater than 5 cm to 10 cm, at least with multimode (MM) fibres. Often the fibre temperature
has to ' iti iliti i i i ergies
(>30 MeV), where protons can leave the vacuum beam tube. The narrow beam(diameter
should|be widened up by additional scatter foils so that, at distances between abeut 1| m and
5 m behind the scatter foil, a relatively homogeneous proton flux distribution] is aghieved
across|diameters between about 5 cm to 25 cm. The penetration depth of the ‘protons|should
be calqulated and the sample arrangement carefully chosen to avoid self shielding effects and
larger energy variations across the sample. Such test facilities are, for gxample, descilibed in
[20], [A1].

Dosimgtry can be made by activation foils, ionization chambers , \TLDs or radiochromatic film.
Dose measurements with calibrated "dosimeter fibres" can giv&.improved results for gpecific
test sample configurations (see 6.1). The proton fluence can-be calculated from the doge with
the energy and material dependent proton "stopping power" (= energy loss per length unit)
that is [tabulated in [22]. Calculations for spacious, thickér samples where the proton [energy
decreapes with increasing depth are facilitated by the €omputer program "SRIM" (see [2]).

6.5 Electron irradiation

In spa¢e environments most of the electrons are already stopped by the outer satellife shell
becauge of their low energy (< 7 MeV, see 5.5), producing penetrating X-rays. The effect of
space [electrons on optical fibres can-therefore be simulated with sufficient accurpcy by
irradiafion with 80Co gamma ray$.“At accelerators high energy electrons have|to be
considégred.

In casps where electron irradiation is explicitly demanded, one can use Van de|Graaff
generators. Their maximum*energy ranges from about 1 MeV to 10 MeV. For homogéeneous
irradiafion of fibre coils\the narrow beam should leave the vacuum beam tube through a thin
metal foil. This foil can/at the same time act as a scattering foil that widens the beam. With
electrops of such.relatively low energy it is also possible to wave the narrow beam acrpss the
spool By means-of electromagnetic deflectors, like in a TV tube.

Electrgn irradiation is often made with betatrons and (smaller) linear accelerators. Here the
electropshave distinctly higher energy (from about 25 MeV to several 100 MeV) and| cause
nuclear reactions and considerable displacement damage, i.e. the ratio of structural damage
and ionization is higher than it would be in space. High energy electrons should therefore only
be used for lower dose values (<103 Gy), as long as the electron-induced defect concentration
is lower than that in unirradiated fibres (see 6.3). Up to these doses no significant differences
were observed between 69Co gamma rays, 10 MeV electrons, and 25 MeV electrons.

In cross linking irradiations of cable materials the fibres in the cables can also be exposed to
electrons and secondary X-rays. The dose deposed in the fibres depends on the electron
energy, the cable and coating materials and their thicknesses. Furthermore, structural
changes in the cable materials can introduce additional stress to the fibre, leading to
increasing attenuation. Therefore the separation of mechanical and radiation-induced losses
is difficult, demanding a careful analysis of the respective contributions.

Dosimetry can be made with ionization chambers, scintillation detectors, TLDs, radio-
chromatic film or dosimeter fibres (see 6.1).
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6.6 Pulsed irradiation

If a higher radiation dose is applied within a very short time, i.e. with an extremely high dose
rate, the radiation-induced fibre loss can reach tremendous values (see 8.8). During such a
short time, annealing mechanisms cannot reduce the induced absorption like during an
irradiation up to the same dose within seconds, minutes or even days (space). Therefore
continuous irradiations are not suitable to simulate the effects of nuclear detonations or those
at ICF facilities.

The most convenient and cheapest way to simulate such high dose rates are flash-X-ray
facilities where voltages of several 106 V are instantaneously applied to a field emission tube,
leading to an electron current of several 103 A up to several 104 A. The electrons are focused
on a hpavy metal targe -rays)

air. With the smaller machines where the X-ray dose is too low, irradiation cap,'\be miade by
the original electron beam. The metal target is removed, and the beam |eaves tHe field
emissipn tube through a thin Ti window. An additional scattering foil widens‘the beam [so that
smaller fibre spools can be homogeneously irradiated at distances betweenl-about 50 ¢m and
150 cn). Because of the limited range of low energetic electrons, one oftén”uses helical single
layer spools. The test fibre length has to be short anyhow since the Joss-increase immgdiately
after tHe end of a 10 ns radiation pulse can reach values up to 1.dB/cm, dependent on dose,
fibre type, wavelength and fibre temperature.

Dosimgtry can be made with TLDs, radiochromatic film} "differential calorimeters", or
calibrajed semiconductor diodes. Calibrated dosimeter fibftes which are arranged in thg¢ same
way as| the fibre under test can give the most accurate’and reliable results.

7 Radiation effects on optical fibres

Radiation can change nearly all properties® of optical fibres, dependent on radiation type,
radiation energy, radiation dose, dose rate, and also on fibre type. For simplicity one|should
only cgnsider the most probable radiation types, energies, dose, and dose rate valugs that
fibres ¢an experience, as discussed in 5.1 to 5.7.

The m@st obvious effect of ioniZing radiation is an increase of attenuation. This is obs¢rvable
with al| radiation types in all fibre types already at lowest dose values. This most important
radiatign effect is therefore treated in more detail in Clause 8.

From the Kramers=Kronig dispersion relations it is known that any increase of attenuation is
accompanied byla-change of the refractive index. With graded index (Gl) fibres where the
dopant| concentration varies across the fibre core diameter, the radiation-induced loss and
therew|th therefractive index changes might depend on the respective dopant concentrations.
This hgs4een investigated in the context of Fibre-Bragg-Gratings in more detail (see 11).3).

Irradiation of Gl fibres should thus change the index profile and lead to a change of
bandwidth. This question is investigated in [23] and the literature cited therein. Increase as
well as decrease of bandwidth seems to be possible. With longer fibre sections, noticeable
bandwidth degradation only occurs when the radiation-induced loss has mostly reached
intolerably high values. At accelerator installations with longer fibre sections or during cable
cross linking with electrons this might need to be considered, but usually only relatively short
fibre lengths (10 m to 100 m) are necessary for most of the fibre applications in radiation
environments. Therefore, bandwidth generally poses no major problem.

An effect that has to be considered after high gamma dose values (for example, nuclear
facilities) and especially after higher fluences of high energetic neutrons or protons is
changes of the breaking stress (BS). The influence of high gamma doses (108 Gy) and of
14 MeV neutron fluences of about 1013 cm~2 is described, for example, in [17], [24], [25] and
the relevant literature cited therein. The fast neutron irradiations seemed to reduce BS by
about 3 % to 4 %, whereas irradiation up to the corresponding gamma dose (about 500 Gy)
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seemed to have no effect. In [24], it is shown that gamma irradiation up to 108 Gy usually
leads to a BS increase between about 2 % and 11 %. Other authors investigated the change
of BS with fibres produced with different coatings [26]. They conclude that only nylon and
fluoropolymers are unsuitable coating materials leading to a BS increase. After gamma dose
values >107 Gy, however, fibre BS seems to decrease (see [27]).

Thermal neutrons produce a more than 108 times lower dose in SiO, than the same fluence of
14 MeV neutrons. Therefore they usually induce only negligible loss increase. However, the
isotope 30Si is transformed by thermal neutron capture into the isotope 3'P. This will change
the refractive index and increase radiation-induced loss. However this effect usually has no
practical significance.

their kinetic energy to the nuclei of H atoms of the coating or cabling material. [/or neutron
energigs >2,5 MeV these recoil protons can reach the fibre core, even of single-mode (SM)
fibres. [Apart from an increase of dose this will lead to an increase of fibre attenuation faround
1 383 nm, the water peak (see [28]).

At theiend of 6.2, it is pointed out that fast neutrons can transfer a considerable poftion of

If not gnly the fibre itself but a cable is exposed to radiation, the matetial surrounding the fibre
can indqrease the dose deposited in the fibre due to secondary radiation produced in the cable
material. This effect occurs mainly for particle radiation, especially heavier particlgs, and
depends on the particle energy. Numerical simulations might béwneeded to calculate the total
dose deposited in the fibre.

Polytefrafluorethylene (PTFE) is perhaps the most/madiation-sensitive polymer. It already
becomgs brittle after dose values below 103 Gy. Since the cladding of polymer optical fibres
(POFs] is usually made of fluoro polymers, theilight-guiding properties of POFs cquld be
affectefd before their radiation-induced loss increase reaches intolerably high values (spe [29]
and [30]).

8 RA4diation-induced transmission loss

8.1 Dverview

The eAftent of fibre attenuation” increase during irradiation depends on the fibre pargmeters
and thg manufacturing procedure, including, for example, the purity of the raw materials,
doping|of the core and in)case of single-mode fibre cladding material, pre-form manufdcturing
procesp, drawing conditions, and others. The great efforts of all manufacturers in optjmizing
fibre qpality have ded ‘to fibres with strongly reduced radiation sensitivity, compared with the
early ones. Nevértheless, there still exist more or less pronounced differences in the rddiation
hardnejss between fibres of the same type made by different companies.

Alterndtiveély the radiation-induced loss depends strongly on most of the test congitions,
includingthe temperature, the measurement wavetengtit, the mjected tight—power, the dose
rate and the irradiation history, as will be shown in the following Clauses. In cases where it is
essential to select the most radiation-hard piece of a given fibre type, one has to be aware of
these dependencies in order to obtain reproducible and fully comparable results.

There exist neither theoretical descriptions nor deterministic models which would be able to
predict the radiation effects in optical fibres. Only empirical models were developed that might
be used to extend the parameter range of experimental data obtained with the respective
product. They might also be used to analyse experimental results to isolate specific
influences. The reason that no precise ab-initio calculations can be successfully applied is the
impossibility to define and know all necessary input parameters.
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8.2

Fibre type

Different fibre types exhibit distinctively different radiation sensitivities. Whereas it is nearly
impossible to predict the radiation sensitivity of specific optical fibres, some general
statements can be made which apply to the commonly used class of glass optical fibers.

By far the most important factor is the dopants of the fibres. Aluminium (which is commonly
used in combination with rare-earth elements) and phosphorus are known to lead to very high
radiation-induced attenuation. Pure-silica core fibres of high quality, on the other hand, tend
to exhibit much lower losses under radiation. For single mode fibres a fluorine-doped core
showed the lowest losses under steady-state exposures, in comparison to pure-silica core
and Ge-doped fibres [31]. Exceptional radiation hardness can also be expected from hollow-
core pfiotonic crystarl fibres. Since most of the Nght 1S guided in air, 1ess material

contribute to the attenuation [32]. In particular, for single-mode fibres the inner’ e
dopantg should also be considered.

The c
sensiti
differe
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8.3
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pating material and other manufacturing parameters also influence the rg
ity. The impact varies with different fibre types and might even” be oppos
mt manufacturers [33]. To select a product in this respect, application-specific te|
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Radiation history

ably all fibres show more or less pronounced /differences in loss increase

irradiated a second time under identical conditions. Seme types show higher loss in
some types a lower one. Other fibres just quickly reach the last attenuation level obse
the end of the previous irradiation. This also depends on the time between suc
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ions and on the residual loss from the previous irradiation, i.e., on the loss an
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Wavelength dependence

iation-induced loss of all fibres depends strongly on the wavelength of the tran

light. There is a pronounced maximum in the UV, with a factor of more than 1 000 high
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Anothdr, usually lower maximum is to be observed in the far IR, around 2 500 nm. F
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Figure 1 — Wavelength dependence of the radiation-induced loss
of a Ge-doped graded index fibre (50/125 pum)
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A similar behaviour can also be seen for other fibre types. In [35] the authors compare the
spectral attenuation increase of a P-doped, Ge-doped, and pure-silica core fibre after 5 Gy
(P-doped) and 100 Gy (Ge- and un-doped). No dose variation was done in this study to follow

the shift of the loss minimum.

At shorter wavelengths, the signal to noise ratio, i.e., the ratio of loss increase and

signal

drifts or noise, is much higher so that the test fibre length generally has to be distinctly
shorter than for measurements between about 800 nm and 1 600 nm. The length must be

shorter in cases of limited dynamic range of measuring systems such as optical sp
analyzers or if photobleaching effects are to be expected (see 8.6).

8.5

nce

ectrum

The radiation-induced loss of nearly all fibre types decreases with increasing tempg

rature.

The rgason is that colour centres anneal faster with increasing temperattre’ ("thermal

anneallng"). Figures 2a and 2b show this behaviour for a Ge-doped and an undoped SI
respectively. The dose (or irradiation time) dependence of the temperatureyinfluence f]

N fibre,
or both
ed with
.e., an

increage of loss with temperature, but a slight decrease when the{temperature is rajsed to

These results show that the fibre temperature has to be kept.at a given value (within a {
in ordgr to obtain unambiguous and comparable resultsy that the test fibre length m
adjustgd to the expected higher or lower loss at a certdin'temperature, and that it is a
undertaking to present a relatively simple proceduretfor calculation of the radiation-i
loss at|a higher or lower temperature from measurements taken at room temperature, 4

ew °C)
ght be
daring
hduced
s done

in [18]]and [36]. In order to avoid erroneous extrapolations, one should perform at least one

measufement at the temperature of interest.
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Figure 2a — Ge-doped single-mode fibre
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Figure 2b — Undoped single-mode fibre

Figure 2 = Temperature dependence of the radiation-induced loss

Even gmall tempgrature variations may lead to distinctively different results. If high precision
measufements( are done, e.g. to compare samples over longer periods of time, the spmples
should|have“exactly the same temperature to see the difference of the samples and pot the
temperature-effect. In [37] it is shown that already 5 °C difference might lead to a difference
of the iation-in ttenuation of >10 % even th h both temperatur 2
29 °C) are called "room temperature".

8.6 Light power dependence, photobleaching

Particularly with some of the fibres manufactured before 1985 with undoped silica core of low
OH content, the radiation-induced loss increase could very much depend on the intensity of
the light that was used for the loss increase measurement.
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Figure 3 — Light power dependence of the radiation-induced loss
of an undoped single-mode fibre

Figure|3 shows an example where the loss increase was mofre-than a factor of 200 lower
when fhe light power was increased from 0,001 uW to 355\IW. This effect is known as
"photobleaching”, i.e. the colour centre annealing rate is, enhanced by the transmitted light.
This is[the reason why it was recommended [38] and [39] to keep the measuring ligh] power
<1 uW|] However Figure 3 shows that light power reduction from 1 uW to 0,001 uW still led to
more than a factor of 20 higher loss increase.
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Key
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A =865 nm, —— P =0.1uW, - P=75uwW
2 SM, pure SiO; core, low OH

A=1309 nm, —P=1uW, e P =100 pW
3 SM, Ge-doped core

A=1309 nm, —P=1uW, e P =100 pW

NOTE D =0.22 Gy(SiO,)/s, room temperature.
Figure 4 — Light power dependence of the radiation-induced loss
in modern MM S| and SM fibres

With fibres that show strong photobleaching, the test sample length should be kept relatively
short in order to prevent higher loss increase towards the sample end where the light intensity
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will be more and more attenuated. On the other hand it is incorrect with such fibres to
calculate an induced loss in dB/km from the loss measured (in dB) with a length L (in metres)
by multiplication with the factor 1 000/L. In order to get realistic results, test sample length
and light power should be adjusted to the intended field of application.

In fact, today the situation is less complicated. All modern Ge-doped SM and Gl fibres, as well
as most of the undoped fibres with low or high OH content show negligible photobleaching at
1300 nm or 1 550 nm. This is shown in Figure 4 for a MM SI fibre and two SM fibres.
However, it is pointed out in Figure 3 of [34] that a Ge-doped Gl fibre showed no
photobleaching at 1 300 nm, whereas its loss at 830 nm decreased by nearly a factor of 5
when the light power was increased from 0,1 uW to 800 uW. The wavelength dependence of
photobleaching is discussed in [40], and it is demonstrated that the photobleaching
effectiyeness actually increased from 1 300 nm to 670 nm. But this is only of limited-practical
value gince the radiation-induced loss strongly increases with decreasing wavelength; [so that
more effective bleaching light of shorter wavelength will be attenuated verny’so¢n and
becomes less effective.

If photpbleaching is expected one should also take the core diameter linto account when
compafing results at presumably the same light powers.

8.7 Dose rate dependence

Figures 5a and 5b show the dose rate dependence of thé.radiation-induced loss for two
different fibre types: a Ge-doped SM fibre (Figure 5a) with"moderate annealing ratel and a
MM Sl |fibre with pure SiO, core of high OH-content {Figure 5b) that shows relatively fast
anneallng (see 8.10). The faster the annealing, the stronger the dose rate dependence. This
can be explained by a competition between coloufcentre population and depopulatipn: the
lower the dose rate, the longer the time to reach™a certain dose, the more colour ¢entres
anneall already during irradiation. Saturation.is“reached when the colour centre proguction
rate bgcomes equal to the colour centre annealing rate. The loss increase of the fibre of
Figure |5a saturates after a dose of about>104 Gy. Since the annealing rate is proportional to
the number of already existing colour ¢centres (i.e. to the induced loss), the saturatipn loss
value increases with increasing dose(hate. The loss increase of fibres with negligible pr very
slow anpnealing is (nearly) independent on dose rate. Such fibres could, for example, be used
for radfation dosimetry ("dosimetry/fibres", see 6.1).
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Figure 5a — Ge-doped single-mode fibre 4 =1 309 nm, P =20 uW,
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Figure 5b — Multimode step-index fibre
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Figure 5 — Dose rate dependence of the radiation-induced loss; T =22 °C

Usually, it is not possible to perform fibre tests up to a given dose with the expected dose rate
of the intended application. This would often last several years (space, nuclear power plants).
One therefore has to perform "accelerated" tests where the expected life dose is applied
within several hours or days. Such a procedure will surely be suited for selecting the
radiation-hardest one out of a set of otherwise comparable fibres. In order to obtain a realistic
estimate for the actual loss increase, one could perform measurements with distinctly different
dose rates and extrapolate the results (loss increase for a given dose as a function of dose
rate) down to the dose rate of interest. However, there exist some (more or less convenient)
approaches [18], [36], [41] for the calculation of the loss increase expected with a lower (or
higher) dose rate from a measurement with only one dose rate that is easier to attain. The
method proposed in [41] is very simple and should be correct for dose values and samples
where the radiation-induced loss is described by a single power-law behaviour over the dose
range of interest. The accuracy of the loss increase thus predicted for a dose rate which is
orders of magnitude lower than that during the actual measurement depends strongly on the
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accuracy of the dose rate measurement. For fibres showing a more complex kinetic response,
several measurements at very different dose rate levels have to be performed.

Fibres doped or co-doped with phosphorous are known to show a very low dose rate
dependence. This explains why they can also be used for dosimetry. It has even been
reported [42] that an inverse dose-rate dependence (higher induced loss at lower dose rates)
was observed. However, this does not seem to be the general case, since this behaviour is
strongly wavelength-dependent.

8.8 Pulsed irradiations

In 8.6, it was shown that the radiation-induced loss observed with a certain dose increases
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From Figure 6, it can be seen that loss annealing begins immediately after pulse end and
leads to a loss reduction by a factor of more than 1 000 (dependent on fibre type and
temperature) already 10 s after pulse end. Because of the limited dynamic range of most of
the high bandwidth receivers, one could for example use a new, longer fibre sample for
measuring the loss annealing at times greater than for example 10~3 s. Another possibility is
to conduct the light (with a 1:2 splitter) to a high bandwidth receiver for the short time regime
as well as to a low bandwidth receiver, with low noise level, for times >10-3 s.

With fibres that are doped with Ge+P the loss annealing ends after about 10-5 s as can be
seen in Figures 5a and 5b of reference [45]. Thereafter, the loss is approximately of the same
size as after a continuous irradiation with a dose rate of only 0,05 Gy/s up to the same dose
of 100 Gy (Figures 13a and 13b of reference [45]).

Photobleaching also has to be considered with pulsed irradiations, i.e. the loss apnéaling can
be acdelerated by increasing the power of the measuring light, dependent on-fibre type,
wavelength and fibre temperature. However, measurements that were made‘with the same
fibre type of high photobleaching sensitivity as those of Figure 3 show, ‘that it bgcomes
effectie not before about 10-° s after the end of the radiation pulse (Figures 6a and 6b of
reference [45]).

8.9 Radiation type dependence

At the|first attempt it seems to be reasonable to assumeithat different types of ipnizing
radiation will lead to the same fibre loss increase, provided they deposit the same dose. This
was, fqr example, stated in [46] for 60Co gamma and_14)MeV neutron irradiation. Actjially, it
was folind (see [17]) that 14 MeV neutron fluences up<to 1013 cm=2 cause an about 2,5 times
lower Ipss increase than gamma irradiations with the same dose rate up to the same¢ dose.
The repson for this discrepancy might be that thevauthors of reference [46] did not consider
the dosge contribution of ionizing "recoil protons®™out of the hydrogen containing fibre goating
material (usually "UV acrylate", see [12]).

The ionization density of protons, alpha‘particles and heavier ions like the reaction pfoducts
of 14 NleV neutrons with matter is mueh higher than that caused by X-rays, gamma rgys and
electrons. This can lead to charge carrier recombination and saturation effects in moreg dense
ionizatijon tracks and, as a consegquence, to a lower loss increase, as discussed in mor¢ detail
in [17]) This is at least valid at-the beginning of an irradiation, as long as the concentrzﬁtion of
defectq within the fibre core that can act as "precursors" of light absorbing "colour cenfres" is
given Ry the fibre production process.

X-rays|and gammalirays above an energy of about 0,7 MeV, as well as highly energetic
electrops, protons, alpha particles and heavier ions can also lose a fraction of their [energy
througl "non ionizing collisions" that cause structural damage within the fibre core, i.¢., new
defectg that,ean act as precursors of colour centres. The structural damage cauged by
heavief .jonizing particles can become orders of magnitude higher than that caused|by the
same dese—ofgammarays—or—electrons—Fhercforeitistebe—expectedthat-heavier, more
densely ionizing particles will finally lead to a higher loss increase than gamma rays or
electrons of the same dose rate, above a certain fluence value, when the concentration of
defects caused by neutrons become higher than that of the already existing ones. In [17], it is
estimated that this will happen for a 14 MeV neutron fluence above 5 x 1013 cm—2..

However, in Figures 5a and 5b of reference [17], it is shown that fibres with higher loss
increase during gamma irradiation will also show higher loss increase during fast neutron
irradiation with the same dose rate. Therefore, the following procedure could help to reduce
the number of more expensive and more difficult irradiations with protons or fast neutrons: as
a first step one selects with 60Co gamma irradiations the most radiation hard one out of a
greater number of otherwise comparable fibres (see also 8.6). For neutron and proton
fluences <1013 cm~2 the loss increase caused by the gamma rays should also be an upper
limit for neutron and proton irradiations. Neutron and proton irradiations could become
necessary only for higher particle fluences.
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8.10 Loss annealing

In the majority of the publications on optical fibre irradiation tests, the fibres are irradiated
with one fixed dose rate up to one dose of interest, i.e. the irradiation time remains constant.
In cases where the annealing, i.e. the loss decrease after the end of irradiation, is also
measured, one therefore always observes approximately the same annealing time (= time that
is necessary to decrease, for example, to 1/2 or 1/e of the loss immediately at the end of
irradiation). Therefore, the predominant opinion is that the annealing time is a fixed fibre
property (at a given temperature), comparable for example with the lifetime of excited states
in nuclei, atoms or crystals.

Actually, the annealing time is a strong function of the irradiation time and dose rate. In Figure
6, it can be seen that after pulsed Irradiations, annealing to of the Initial 10Ss valug takes
only aljout 10-6 s. In reference [47], it is shown that after continuous 80Co gammarirrgdiation
at congtant dose rate, the annealing time increases nearly linearly with irradiation time and
therefdre total dose, at least with irradiation times from about 1 s up to about.§ days. This
effect may depend on the precise conditions and fibre type. In [17], it is shéwn that irjcrease
of anngaling time with irradiation time is also valid for 14 MeV neutron irradiations.

The reg@son for this behaviour might be that the fibre loss is caused./by.a set (or contingum) of
colour [centres with different half-life where, with increasing irradiation time, the respective
longer{lived centres dominate. This is discussed in more detail iy references [41] and [48].

In cases where measurement of the loss annealing is’,also demanded, one thus |has to
consideér its dependence on the irradiation time.

8.11 Conclusions

In the previous Subclauses, it was outlined that'the radiation-induced fibre loss depends on
the radiation history (previous irradiations) as well as on almost all test parameters.

In order to obtain expressive, comparablte and reproducible results one should thereforg by all
means|use a new fibre sample for each test.

The tegt fibre length has to bé adjusted to the respective test parameters and measufement
equipnjent. This should not'be the enormous lengths that were often prescribed formerly,
when the stability of the_me&asuring equipment was by orders of magnitude worse than|that of
present high quality,-light sources and optical power meters. In particular for |pulsed
irradiations with highest dose rates, fibre sample lengths would have to be quite short.

Photobjleaching still has to be considered, but modern low loss fibres are distincly less
sensitiye thaps older ones. Moreover, at longer wavelengths (1 300 nm, 1 5850 nm)
photobjeachihg is usually negligible.

Since nearly all fibres show distinctive annealing, the loss measured after a certain dose
depends on the dose rate, i.e., on the irradiation time. Timesaving, less expensive
"accelerated" tests usually yield loss values which are too high. However, extrapolation
methods exist for the expected loss after longer exposure times from several shorter
measurements at higher dose rates.

Fibre loss also depends on the radiation type. More densely ionizing heavier particles such as
protons or the reaction products of fast neutrons cause lower loss increase than X-rays,
gamma rays or electrons of the same dose rate. On the other hand, it is known that heavier
particles of the same dose produce distinctly more defects in the fibre core material. These
defects can act as precursors of new colour centres. When their concentration becomes
higher than that of the already existing ones, the loss of heavier particles grows faster, above
certain fluence values, and will surpass that of X-rays, gamma rays and electrons of the same
dose rate after the same irradiation time.
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In view of all these reservations and complications, one should distinguish two types of fibre
irradiation tests:

a) Tests to find the most radiation-hard fibre in a set of otherwise comparable ones. Such
tests should be performed under exactly prescribed, standardized conditions, with
continuous as well as pulsed irradiations, in order to obtain repeatable and comparable
results. It is very unlikely or seldom that the fibre with the best test results at these
"normal” conditions would be distinctly worse in other situations — if at all.

b) Tests with this best fibre under realistic conditions, i.e. with expected dose rate,
temperature, transmission length, light power, radiation type, etc. Submitting only one
fibre to all these more realistic tests would save time and money.

9 Measurement techniques and quality assurance of attenuation
measurements

In gengral, the rules of IEC 60793-1-40 and IEC 60793-1-46 also apply to the-measurgments
of radiption-induced attenuation. Several specific aspects were mentioned in the previous
Clauses and are summarised in the following.

The fibfe test length should primarily be adjusted to the total indueed attenuation at the| end of
irradiafion. Extremely low values, e.g. below some tenth of dB{should be avoided to |reduce
the pogsible influence of measurement instabilities. On the, other hand, very high ipduced
losses) e.g. above 10 dB, might lead to non-linear behaviouri_caused either by photoblgaching
or limited dynamic ranges of the used equipment.

Sample preparation should consider all possible side effects of low bending radii, especially
for stgp-index fibres and at higher wavelengths. Launch conditions should follpw the
recommendations cited above, especially when“testing multi-mode fibres. Self shielfing of
fibre lalyers should also be avoided for X-ray, and particle irradiations. Finally, charged particle
equilibrium should be established within thessample.

Slow measurements, e.g. with scanning monochromators, should take into account ppssible
rapid effects taking place in the fibres at high dose rates. Launch conditions should be thosen
accord|ng to respective standards:

The firjal report presenting:the results of irradiation tests should include information about
uncertainty and, if possible, the reproducibility of the measured data. Topics to be considered
for this|are outlined in\[37] and the references therein.

10 Radiation effects on passive fibre optic components

10.1 Connectors

Fibre optic systems in satellites and space stations or sensor systems in nuclear engineering
facilities may exhibit a lot of plug connections. Because of the usually very limited power
reserve, they should show negligible insertion loss increase during irradiation. In older
connector types the fibres were often fixed with thicker epoxy layers. Such materials show
swelling or become brittle. Both effects can cause microbending or additional lateral offset of
the connections. Loss increase of up to nearly 0,3 dB was measured after dose values of 104
Gy [49].

Military fibre cables often have lens connectors which are less sensitive against dirt and
misalignment. Usual glass lens pairs can lead to loss increases up to 0,6 dB after 104 Gy
[49], whereas gradient index (GRIN) lens pairs could cause a loss increase up to 50 dB (at
865 nm) after dose values <104 Gy.

Reference [49] describes the test method and cites further publications about connector tests.
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