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ABSTRACT

As obsolescence and spare parts issues drive nuclear power plants to upgrade with new
technology (such as optical fiber communication systems), the ability of the new technology to
withstand stressors present where it is installed needs to be determined. In particular, new
standards may be required to address qualification criteria and their application to the nuclear
power plants of tomorrow. This paper discusses the failure modes and age-related degradation
mechanisms of fiber optic communicau i systems, and suggests a methodology for identifying
when accelerated aging should be performed during qualification testing. While optical fiber
communication systems have been used as the basis for discussion, the methodology presented
should be applicable to any safety-related I&C equipment not covered under Title 10 of the
Code of Federal Regulations (10 CFR 50.49).

'Research sponsored by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory Commission, under Interagency
Agreement 1886-8179-8L and performed at Oak Ridge National Laboratory, managed by Martin Marietta Energy Systems, Inc., for
the U.S. Department of Energy under contract DE-AC05-84OR21400. The opinions expressed in this paper are those of the authors
and do not indicate regulatory policy.
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INTRODUCTION

Because of obsolescence and a lack of spare parts for some analog components in the nuclear
industry, several utilities are in the process of upgrading their plants with digital instrumentation
and control (I&C) systems. In addition, advanced light-water reactor (ALWR) manufacturers
have made extensive use of microprocessor-based I&C systems and other technologies (such as
fiber optics) new to the nuclear power plant environment in the design of both control and
safety (Class IE) systems.

The extensive use of such "new" technologies has raised regulatory concerns regarding their
qualification and reliability when applied to the safety systems of nuclear power plants.1

Qualifying a piece of equipment for application in a Class IE environment gives added
assurance that it will function as intended during a design basis event (DBE). The DBE may
occur after the equipment has undergone a certain amount of deterioration (aging) while in
service. The object of accelerated aging, in a program of equipment qualification, "is to put a
specimen in a condition simulating its ability to function as required during and folowing a
design basis accident that may occur after as much as forty years of service."2 It can be argued,
however, that an I&C equipment in a so-called "mild" environment may not be subjected to age-
related degradation mechanisms that are significant enough to warrant accelerated aging prior
to qualification testing. This paper attempts to address the qualification issue for new
technologies by examining the failure modes and degradation mechanisms of optical fiber cables
and transmission components. The results of this examination suggest a methodology for
determining when accelerated aging may be needed during qualification testing for safety-related
I&C equipment not covered under Title 10 of the Code of Federal Regulations (10 CFR 50.49),
since safety-related equipment "located in a mild environment" is not covered by 10 CFR 50.49.

OPTICAL FIBER COMMUNICATION SYSTEMS

Proposed ALWR systems intend to make extensive use of fiber optic data transmission in the
communication between safety systems and control room, in the interfaces between protection
and engineered safety-feature systems, and also in distributed control systems. In some cases,
communication among the protection divisions necessary for voting will use fiber optic serial
data links. Fiber optic transmission technology has also been used in the control and
communication (non Class IE) upgrades of some nuclear power plants. We have attempted to
address qualification issues associated with its application in Class IE systems in power plants by
first identifying failure modes and degradation mechanisms in present-day optical fiber
transmission components.

An optical fiber transmission system consists of three major subsystems:
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1. Electrical-to-Qptical fE-to-Q> conversion of electrical signals to optical signals, typically
by means of a light-emitting diode (LED) or a semiconductor laser diode. The emitter is
typically embedded in and driven by the transmitter or transceiver electronics. The
performance of the emitter will impact the entire system; in particular, a marked
decrease in emitter output power will result in an unacceptably high bit error rate.

2. Light transmission by fiber optic cables, typically consisting of glass or plastic fibers
having suitable cladding material, a buffer layer (either acrylic or polyamide), a strength
member (such as Kevlar or steel), and an outer jacket. A dielectric cable is formed when
the strength member is made of a dielectric material (e.g., Kevlar or fiberglass) and both
the fiber and strength member are enveloped in a dielectric sheath or outer jacket.
Nondielectric cables have a metallic strength member; they are typically used in areas of
extreme adverse conditions. Unlike a nondielectric cable, a dielectric cable is completely
immune to electromagnetic interference (EMI).

3. Optical-to-Electrical (O-to-E') conversion of the optical signals to electrical signals,
typically by means of a positive-intrinsic-negative photodetector (PIN) or an avalanche
photodetector (APD). Like the emitter, the detector is typically housed with additional
circuitry in one package as a receiver, or with an emitter and supporting electronics in
one package as a transceiver.

A number of advantages associated with the use of optical fiber transmission, such as the
immunity of the fibers to EMI/radio-frequency interference (EMI/RFI), have been significant
motivating factors in their application to the nuclear power plant environment. However, the
transmitter and receiver components are quite sensitive to EMI. Also, the cable itself, as well as
the transmitter and receiver, is subject to age-related degradation and failure modes that are
differedv from those of conventional copper transmission systems. The most significant of these
failure mechanisms are listed in Tables 1 through 3 and are discussed in the following sections.

Optical Sources

Of the two most frequently used optical sources mentioned previously, LEDs have traditionally
had the advantages of low cost, high reliability, and good linearity; and laser diodes offer high
output power level, conversion efficiency, bit-rate-modulation capability, and good mode stability
of the emitted light.3 However, the cost and reliability of laser diodes have improved over the
last few years. Both component types are subject to either catastrophic failure (where the
cessation of output power is abrupt and final) or gradual degradation over time. Gradual
degradation usually results in a decrease in output power, which may be readjusted to the
desired level by increasing the current from the drive electronics. However, such compensation
is effective only up to a point, because the increased drive current can overheat the device,
leading to catastrophic failure.



Table 1. Failure mechanisms of optical sources

Possible
components

Light-emitting
duties (LEDs):
(InGaAsP/InP;
AlGaAs/GaAs;

AIGaAs/Si).

Solid-Mate laser
devises:
(AlGaAs/GaAs;
InGaAsP/InP).

Mode of
failure

Dark line defects;
Dark spot defects.

Dark spot defects.

Cause

Nonradiative
recombination caused by
impurities and crystal
lattice defects in the
material.

Contact degradation
causes an increase in
thermal resistance in heat
sink/laser device interface.
Resulting temperature
rise causes an increase in
leakage current in active
region of device. Increase

Prevention
methods

1. Choice of material
2. Fabrication and wire

bonding methods
3. Quality control

Fabrication methods:
Application of a
passivation layer helps
reduce surface
contamination and in-
migration of atoms from
contact deterioration
(dark spot defects).

Laser wear-out.

in leakage current
contributes to
nonradiative
recombination.

1. Increase in leakage
current due to increase in
ambient operating
temperature results in a
decrease in laser power at
a given bias level.
Threshold current must
be increased to sustain
same power level.

2. Photo-oxidation on
facets due to extended
high-threshold currents.
Reduces reflectivity.
Occurs most frequently
when device is operated
in high humidity/moist
environments.

3. Lattice defects in
material result in the
formation of dark line
defects over a large
surface area of active
device. Eventually causes
optical output power to
decrease.

Decrease operating
temperature and current
density.
Improve contact material
compatibility.

Fabrication techniques:
Typically, a thin coating
of silicon dioxide (SiOj),
aluminum oxide (AUO3),
or silicon nitride (Si3N4)
is applied.

1. Choice of material:
(Select one with low
lattice defects).

2. Quality control:
(Helps in testing for
quality materials).



Table 2. Faflure mechanisms of optical fibers and connectors

Subsystem

Fiber optic cable

Possible
components

Fiber nutensli
Silica or plastic.
Scnratory huffier
polyester
elastometer.
StacngUi member.
polymer (Kevlar),
stesl, or carbon
fiber.
Outer jacket
Plastic sheath.
flame retardant
chlorinated
polyethylene.

Mode Of
failure

Signal attenuation
in fiber.

Cause

Hydrogen migration into fiber
due to:
1. diffusion into interstitial
sites in the silica molecular
structure;
Z chemical reaction of
hydrogen with the glass
constituents to form OH
groups.

Formation of microcracks due
to:
1. bending radius of the cable;
2. cable handling during

installation:
3. differences in the thermal

expansion coefficients of
coating materials and fiber.

Prevention
methods

Design cables with materials
that do not generate
hydrogen. (See note 1.)

Bending and handling radius
must be specified and
inspected during installations.
Use coaling materials that
can prevent/reduce shrinking,
cracking, or swelling.
Good cable handling
practices.

Optical losses due to
ionization in the fiber from:
1. gamma radiation;
2. neutron radiation.
Fiber may become temporarily
opaque or may permanently
discolored.

Design to be radiation-
hardened. (See note 2.)

Connectors

Fiber fracture.

Signal attenuation
or complete signal
loss

Stress corrosion or fatigue due
to microcraefcs.

Insertion loss due to angular
misalignment, core
misalignment, end separation,
reflections, and preparation
quality.

Aging of index-matching fluid
due to:
1. changes in viscosity due to
temperature stresses;
2. maintenance handling
(mating/unmating over lime).

Residual tension should be
less than 33% of the rated
proof-tested tensile strength.

Various connector design
techniques ate used to
reduce mating losses. In
applying index-matching
fluid, care should be taken
to avoid dust and dirt.

'The hydrogen may be generated from degradation of polymers in the cable. It can also be generated by galvanic action between two
dissimilar metals or by the action of sea water on cable sheaths. However, these sources are negligible in control room environments in power
plants.

~In noncontainment environments, optical loss due to radiation damage is negligible. Pure silica-core fibers are much more radiation resistant
than plastic fibers or phosphorus-doped



Table 3. Failure mechanisms of optical receivers

Possible
components

11 n inn Mfgy.
1. PIN (Positive-
Intrinsic-Negative)
photodetector
2. Avalanche
photodetector (APD)
Material:
PIN: silicon, InGaAs,
germanium
APD: silicon.
germanium

Mode of
failure

Increase in dark
current (reverse
current in the
absence of incident
radiation).

Possible electrical
short circuits when
device is operated
above a relative
humidity of 85%.

Cause

'. Thermally generated
charge carriers (PIN
photodiodes).

2. Thermal deterioration
of the metal contacts
(APD).

Electrochemical
oxidation.

Prevention
methods

System design ic=*mique:
1. Choose detector with
inherently low dark
current.

2. Operate device at low
environmental
temperature.

Fabrication technique:
Thin layer of In or
InGaAs grown onto
active region.

Use hermetically sealed
devices if they are going
to be operated in such
environments.

LEDs are subject to two degradation modes: rapid degradation due to formation of dark line
defects and dark spot defects, and slow degradation, in which the output power decreases as
temperature or time increases. Dark line and dark spot defects are caused by impurities and
crystal lattice defects in the material, which give rise to nonradiative recombination in the active
regior, of the device. Slow degradation, which will occur even if there are no dark line or dark
spot defects, is considered to be a result of the diffusion of impurities into the active region
from the surrounding material, and/or of the in-migration of metal atoms from the contact
materials once contact deterioration has started.4

Semiconductor laser diode degradation is a function of a number of parameters, including
humidity, temperature, manufacturing techniques, and optical power density. The degradation
typically manifests itself as an increase in threshold current (the minimum current necessary for
the lasing action to be sustained). For example, contact degradation causes an increase in the
thermal resistance of the contact between the heat sink and the laser device. This in turn
causes the junction temperature of ! e device to increase, resulting in an increase in threshold
current. Another mechanism is facet oxidation, that is, staining of facets due to photo-oxidation.
This degradation mechanism is accelerated when the device is operated in an environment with
a high moisture or oxygen content.



>v*th regard to deterioration due to radiation, tests performed with gamma rays5 on InGaAsP
LEDs operating at 1300 nm showed no significant degradation of parameters up to a total dose
of 10s Gy. The output power decreased by 5% with an irradiation dose of 106 Gy, and it was
estimated that the output power would decrease to 50% of its initial value at a total dose of 2 x
107 Gy. A study of the effect of neutron irradiation on LEDs35 fabricated from strained-layer
superlattice structures in the GaAs/GaAsP configuration showed no significant light output
degradation at neutron fluences below 3 x 1014 n/cm2.

Optical Fibers

Failure in optical fibers usually manifests itself as an increase in signal attenuation on the fiber,
or it may be due to excessive strain that causes fiber breakage. Chemical impurities introduced
during the fiber drawing process constitute a major source of changes to optical and physical
properties.

Factors that affect signal attenuation include hydrogen migration caused by diffusion into
interstitial sites in the fiber molecular structure, chemical reaction of hydrogen with the glass
constituents to form OH groups, formation of microcracks due to bending stresses, and optical
losses due to the formation of color centers in the fiber core. (Color centers are formed
primarily by the trapping of radiolytic electrons and holes at defect sites in the fiber when it is
exposed to ionizing radiation).

Pure siiica-core fibers show the least radiation-induced damage in both mixed neutron/gamma
and gamma-only environments. Some tests have shown that such fibers exhibit no performance
change following doses of as much as 3800 Gy.7 On the other hand, some fibers fluoresce
enough under irradiation to obscure very low-strength signals. Pure silica-core fibers appear to
be the most suitable for use in nuclear power plants.

Environmental variables such as high temperature and humidity can result in aging and
increased failure rates for certain fiber optic cables. In such harsh environments (e.g., inside
containment, certain areas outside containment, and during accidents), the fiber coating material
is of primary importance. In the presence of high temperature and humidity, some degree of
hydrolytic degradation in fiber coating will occur. If the coating is not designed to take this
degradation into account, its properties may degrade severely, and the coating may discolor or
lose its adhesion to the glass.* In addition, significant strength reduction can occur." For
example, an abnormally high incidence of fiber breakage in a newly installed cable at a
telephone company was traced to deterioration of the strength and coating of the fiber due to
exposure of the outer cable layer to temperatures as high as 80° C. The reel of cable in
question had been stored outside for about 4 years with the protective thermal wrap removed.9

"The strength of optical fibers approaches 10" psi. This is equivalent to about 20 >b tension when measured in short lengths,
compared with the 16-lb tensile strength of 24-gauge copper wire.



To examine the effects of a multivendor environment on the strength of aged fiber, Bonanno et
al. tested several kilometers of commercial-quality uncoated optical fibers for both bending and
tension.9 Fibers from five different suppliers were tested* before and after aging in water at
temperatures of 20°, 60°, and 80° C for periods as long as 270 days. Fibers were also aged in
air under the following cyclic temperature conditions for periods up to 172 hours: 10 hours at
-60° C, 2 hours ramping to 85° C, 10 hours at 85° C, and 2 hours ramping down to -60°C. For
the samples aged in water, there was almost no reduction in strength for those fibers maintained
at 20° C. The largest strength reduction was observed for the 80° C exposures. For these fibers,
median strengths fell below the 2 GPa (6 lb) handling limit for two fibers, and minimum
strengths fell below 2 GPa for four fibers. No strength reduction was observed for the samples
cycled between -60° C and +85°C. Since the thermal cycling tests involved low humidity, these
results confirmed the observation that interactions between water molecules and fused silica are
responsible for the observed strength reductions.9

Splices and connectors can also introduce significant losses in an optical transmission system.
Typically, splices are used to join sections of optical cables permanently, while connectors are
used at the end equipment, where frequent mating and unmating is anticipated. The most
frequent failure mechanisms in splices include bad cleaves, fiber breakage, fiber endface
separation due to improper assembly, dirt, and vibration.1011 A significant contributor to failure
in connectors may be particles of dirt that enter the connector when it is disconnected.

Optical Receivers

The predominant failure mode in photodetectors is an increase in dark current (i.e., the current
flow in the absence of light) due to elevated ambient temperature, and possibly electrical shorts
due to electrochemical oxidation. A ten-fold increase in dark current from the initial value is
often used as an end-of-life indicator. A PIN photodiode operating at about 800 nm has a
lower dark current than an APD. However, the situation is reversed at 1300 nm, where the PIN
has a higher dark current.

Electrochemical oxidation can cause electrical shorts in photodetectors at relative humidities up
to 85%. Above this level, tests have shown that the lifetime of photodetectors decreases rapidly
with increasing relative humidity.12 With regard to radiation, optical receivers are sensitive to
ionizing radiation as well as to optical radiation. The same physical processes that make the
detector sensitive to radiation are also responsible for the detector's responsitivity to ionizing
radiation. However, ionizing (gamma) radiation interaction is a bulk effect, meaning that charge
carriers (electron-hole pairs) are generated throughout the bulk of the semiconductor material.
On tr e other hand, photons generate carriers only in the small, active region. Therefore, the

bAll fibers tested consisted of a 125-micron diameter, silica-based glass coated with a dual-layer, UV-cured acrylate to an overall
diameter of 250 microns. Three different coating formulations were represented by the fibers from '.he five suppliers.



contribution of ionizing radiation to total photodiode current can be reduced by the following
measures:

1. reducing the volume of the optically nonactive region and

2. reducing the volume of the active region while maintaining a high optical response (i.e., by
using a material with a large absorption coefficient at the wavelength of the optical radiation).

Research data3"6"13 show that double heterostructure AlGaAs/GaAs devices are superior to silicon
radiation-hardened photodiodes. In one study,6 GaAs devices were able to operate reliably with
dose rates up to 106 Gy/s, which is several orders of magnitude above the tolerance of silicon PIN
photodiodes. Data on neutron irradiation effects on photodiodes show that the leakage current
increases by about a factor of 10 in AlGaAs/GaAs photodiodes and by a factor of 103 in silicon
PIN photodiodes after exposure to a neutron fluence of 7 x 1014 n/cm2. Degradation of optical
responsitivity at this level of neutron fluence is negligible for AlGaAs/GaAs photodiodes, but
silicon devices may experience d reduction in responsitivity of as much as 60% from
preirradiation.

QUALIFICATION STANDARDS

The preceding review indicates that quite a number of age-related degradation and potential
failure mechanisms are associated with fiber optic transmission components. Some of these
potential failures are exacerbated by environmental stressors such as temperature, humidity, and
radiation. Thus the environments in which the communication subsystems will be used are
significant. The more critical Class IE applications of optical fibers in proposed ALWRs appear tc
be as datalinks between protection system divisions, or as a communication network (fiber
distributed data interchange or FDDI) over which multiplexed data are carried to protection or
engineered safety system processing units. ALWR protection system cabinets will typically be
located in a control room environment, where radiation, temperature, and humidity levels are
much more benign than in containment. For example, the average temperature in containment
may be 120° F, while an estimated average value for the control room is 65-70° F. Integral gamma
dose levels in a pressurized-water reactor containment over a 60-year period may be on the order
of 3 x 10* Gy, whereas the integral gamma dose level in the control room over the same period
are estimated to be less than 10 Gy.Rls Available data suggest that system degradation under
these radiation conditions may be negligible. Therefore, it appears that given good design choice;
and installation procedures, fiber optic components are likely to perform reliably in their propose
operating environments. However, information on long-term field performance is presently
inadequate, and lifetime predictions for photonic devices vary by orders of magnitude. In addition
standardized tests are not always used, making it more difficult for test data to be more closely
correlated.

For application in Class IE systems, it is necessary to ensure that optical fiber subsystems are
qualified for the environment in which they are designed to operate. Typically, the optical



subsystem manufacturer performs extensive burn-in and stress screening tests on a number of
samples to qualify the components initially. Assuming this to be true, the qualification of a Class
IE system can be accomplished by type testing in accordance with IEEE 323-1974, "IEEE
Standard for Class IE equipment for Nuclear Power Generating Stations." However, given the
limitations in current qualification methodologies (e.g., uncertainties in the Arrhenius equation), it
appears that new standards or methodologies are required for evaluating "new" I&C technologies
for application in Class IE systems. One such methodology is proposed in this paper. The main
issue we address is the problem of identifying when accelerated aging should be performed in the
environmental qualification process for safety-related equipment not covered under 10 CFR 50.49.
Although many of the environmental stressors experienced by safety systems of ALWRs at their
proposed locations are likely to be similar to those of present-day plants, a new technology
introduced into a so-called mild environment may be subject to new and significant degradation
mechanisms that could lead to common cause failures under postulated service conditions. On
the other hand, it can be argued that accelerated aging may not be needed in a qualification
process for equipment that does not exhibit any significant age-related degradation, if the
equipment has a proven track record in similar environments in the non-nuclear industry. We
propose a methodology based on an analysis of the effect of stressors using the concept of aging
fraction and the determination of a threshold for each of the stressors that the I&C system will
experience under both normal and abnormal service conditions. This methodology is illustrated in
Fig. 1 and is explained in the text that follows. The boxed/circled numbers in Fig. I correspond to
the numbered sections below to facilitate comparisons. The discussion on fiber optic transmission
systems is used wherever applicable to illustrate the methodology.

1. Identify all stressors that can degrade the equipment under both normal and abnormal service
conditions.
Stressors include (but are not limited to) temperature, humidity, pressure, vibration, EMI/RFI,
electrical loading, chemical spray, maintenance, and the synergistic effects involving two or
more of these. An example of maintenance stress is stress experienced by a fiber optic
cable/connector assembly as it undergoes frequent disconnection and reconnection in the
course of maintenance throughout its service life.

Using the preceding review of fiber optic communication systems and the proposed
location of ALWR protection cabinets, temperature, humidity, radiation, smoke, and
maintenance stress will all be identified as stressors. Even though the equipment may
be well designed and perform reliably, all possible stressors that can degrade the
equipment under both normal and abnormal conditions should be identified during this
step.

2. For each stressor, determine whether a threshold exists below which the stressor has been
demonstrated not to cause significant age-related degradation.

An age-related degradation mechanism is significant if in the normal and abnormal service
environment, it causes degradation during the installed life of the equipment that progressive^

10



Identity all stressors mat can
degrade l t» equipment under

both normal and abnonnaJ
service conditions

For each stressor

Is the stressor(s)
associated with the

equipments normal and
abnormal service conditions

betow this threshold?

If no threshold or limit can be
defined for each stressor. men

each equipment should be revieweci
in terns of design, function, and

materials, to determine if significant
aging mec*~antsm(s) exist

rs-

Significant aging
mechanisms exist?

It can be assumed that the
equipment has no significant

aging mechanism.

A

V
B

Fig. 1. A methodology for determining if accelerated aging is required
during qualification testing for safety-related I&C equipment not covered
under 10 CFR 50.49.
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Address random failures during
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diagnostics, and maintenance
techniques. Monitoring and trending

should be performed to identity
degradation of system components.

Fig. 1 (continued).
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and appreciably renders the equipment vulnerable to failure to perform its safety function(s)
under design basis event (DBE) conditions. We propose here a quantitative measure for
significant age-related degradation: an aging mechanism may be considered significant if the
ratio of the number of failures due to the aging mechanism, to the total number of failures
(both random and age-related), is greater than 0.1 (10%). In a study focusing on reactor
protection systems16, assessments were made of the relative number of occurrences of age-
related failures vs other failures. In that study a quantity, aging fraction, was defined for a
particular piece of equipment as

aging fraction = (failures due to aging)/(total failures).

It was found that different types of I&C equipment had similar aging fractions ranging
between 0.2 and 0.4. While this study was performed using the Nuclear Plant Reliability Data
System (NPRDS) database, another study using the Licensee Event Report (LER) database
produced similar results17, despite differences in judgements in both studies regarding what
constitutes aging effects. An aging fraction of 0.1 therefore appears to be a reasonable figure
to use when evaluating any new I&C technology being introduced into the nuclear power plant
environment. One advantage ov using this quantitative measure for evaluating the likely
impact of stressors on new safety-related I&C systems is that it provides an empirical basis for
comparing any new I&C technology to present-day Class IE I&C systems. Since the data usec
in both studies above were Class IE equipment in which the effect of aging had been taken
into consideration during qualification, it suggests that:

Any new technology that can be shown to have an aging fraction of less than 0.2 in its service
environment is not likefy to have significant age-related degradation mechanisms that will increase
tl ? probability of common-cause failures beyond what is currentfy attainable in Class IE systems.

If the environmental temperature under both normal and abnormal service conditions for
some I&C equipment is T, and it can be shown that the aging fraction for that equipment in
such an environment is 0.1 or better, then the threshold temperature for the equipment is T.

The fundamental concern of qualification is to ensure that Class IE equipment can perform it
safety function(s) with no failure mechanism, due to design or manufacture, that could lead to
common-cause failures under postulated service conditions. The object of accelerated aging, ir
a program of equipment qualification, "is to put a specimen in a condition simulating its abilit
to function as required during and following a design basis event that may occur after as mucl
as forty years of service."2

Industry consensus appears to be that radiation is not considered a "significant" aging
mechanism for electronic equipment at locations experiencing an integral dose of less than 10
Gy. Available data indicate that this is likely to be the case for fiber optic components also.
In general, however, the impact of stressors should be analyzed on a case-by-case basis.
Equipment located in any environment, whether mild or harsh, may or may not experience

13



significant age-related degradation, depending on a number of factors such as the technology
used. In seme cases, degradation may be accelerated because of poor design or selection of
(electronic) components. For example, poor design may result in localized heating on a board
in a cabinet, causing identical boards in all redundant systems to degrade and eventually fail
even though each redundant cabinet may be specified to operate in a mild environment.
Therefore, in determining a threshold fcr a particular stressor, the actual operating
characteristics of the components, as well as the operating environment at the board level,
should be considered. Note thai this does not suggest that qualification should be performed
at the board level; only that board level operating conditions should be considered in the
determination of a threshold. For example, the environmental temperature at the location of
an I&C cabinet may be 75°F, but temperature conditions inside the cabinet may be
significantly higher.

In the application of any new I&C technology in Class IE systems, the burden of proof (for
the non-existence of a significant age-related degradation mechanism) is on the user to show
that the aging fraction is 0.1 or better.

From the preceding review of the effect of some stressors on optical fiber
communication systems, we can infer that when such systems are used in control room
temperature, humidity, and radiation environments, they are likely to perform reliably.
However, with the possible exception of radiation effects with regard to fiber optic
cables, no temperature or humidity thresholds has been shown to exist in the literature
for the communication system components. Further analysis will therefore have to be
made as suggested in subsequent steps.

3. If no threshold or limit can be defined for each stressor, review the equipment in terms of design,
function, and materials to determine the existence of significant aging mechanisms.

For example, as has been suggested in item 2, a piece of electronic equipment may be said to be
operating below its "radiation threshold" if it can be shown that the equipment is not likely to
experience a radiation dose above 100 Gy under postulated service conditions, including a DBE.
If no >uch threshold has already been established for the stressor under consideration, then
equip nent may be analyzed in terms of design, function, and materials to determine the
existf nce/nonexistence of significant aging mechanisms. Note that this implies a determination of
the existence or nonexistence of a threshold for that stressor. The primary source for a
detennination may be research data based on failure rate data in similar environments in the
nonnuclear industry, materials, technology used, reliability data, operating experience, and/or
analysis. Note that if field failure rate data are used, age-related failure rates will typically depenc
upon the integrated or synergistic effect of all the environmental stressors (e.g., humidity and
temperature) experienced during the normal service life of the equipment. In this instance,
threshold as defined in item 2 above should be understood to mean the threshold for that
environment, not just for a single stressor.

14



The aging fraction of a piece of I&C equipment can be estimated if a suitable database
exists. However, since fiber-optic systems are relatively new in nuclear power plants, no
such database exists. The methodology suggests that we can take credit for data available
for similar or more harsh environments in the nonnuclear industry. The
telecommunications industry makes extensive use of fiber-optic cables and has been
compiling field failure information through an organized reporting program since 1986.
The failure reports include both aerial and underground cables. Analysis of over 650
failure data reported from 1986 through 1993 showed the following18:

• 58% of all reported failures were due to cable dig-ups. (A dig-up is damage to cable
during an attempt to penetrate the ground.)

• 7.4% of all cable failures were due to installation error.

• Extreme temperatures other than steam leaks accounted for 1.7% of all reported
failures. One failure occurred when cold weather caused an aerial cable jacket to
shrink, placing pressure on the fibers.

• 3.2% of all reported failures were due to fire. In some of these failures the fibers
themselves remained unbroken, although the cable was practically destroyed. Failures
in such cases were caused by high loss in the unbroken fibers.

• The rest of the failures (accounting for 29.7% of all failures) were due to damage
caused by power line contacts, firearms, vehicle damage, and rodents.

From the preceding data, age-related failures for underground and aerial fiber-optic cables
with regard to environmental temperature can be expected to be fairly low (less than 10% of
all failures). Since both the normal and abnormal environmental temperatures for both
underground and aerial fiber-optic cables are worse than those expected in the control room,
we may conclude that fiber-optic cables in the latter environment may not experience
significant age-related degradation with regard to temperature.

Similar analysis should be performed for all stressors the equipment is likely to experience
under normal and abnormal service conditions.

4. Accelerated aging need not be performed for equipment with no significant aging mechanism.

It is the opinion of the authors that accelerated aging need not be considered in a qualification
program if it can be shown that age-related degradation is not a significant contributing factor to
common-cause failures and that all random, age-related failures can be adequately detected
through surveillance and diagnostic techniques. Notice that the "vagueness" associated with
'significant" has been removed by introducing the concepts of aging fraction16 and threshold. Tht
fundamental idea is that if both of these parameters can be ascertained for the I&C equipment,
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and if it can be. shown that both the normal and abnormal service conditions of the equipment are
below the threshold, then employing accelerated aging during qualification testing is not likely to
reduce the probability of common-cause failure.

5. If accelerated aging cannot be shown to yield consen'ative results, alternative means should be
used in equipment qualification.

If significant aging mechanisms exist, then accelerated aging prior to qualification testing should be
required. Accelerated (thermal) aging is typically employed in accordance with IEEE 323-1974
and Reference 9 to precondition equipment. Thf Arrhenius equation is the physical model
typically used in accelerated aging. However, one of the major problem areas is the adequacy of
this model in simulating actual equipment aging. This is especially true of electronic systems,
where the different components making up a subsystem have different activation energies and
different degradation mechanisms. Another problem is synergism, because of which the effect of
the simultaneous application of radiation and temperature may be different from the. effect of the
sequential application typically employed. For example, evidence to date shows that the order of
application of the stressors to electrical cables may be significant.19

While the consensus of industry experts appears to be that current aging methodologies tend to
yield conservative results (at least with regard to cables), it is the opinion of the authors that this
tendency has not been shown to be the case for electronic equipment. In addition, it will not
necessarily be the case for other technologies that will be introduced in power plant environments
in the future. We propose in this methodology that if the use of accelerated aging techniques
cannot be shown to yield conservative results, or valid results that may be correlated with real
time, then aging should be addressed using operating experience, analysis, or both.

6. Address random and age-related failures using surveillance, on-line diagnostics, maintenance, and
trending techniques.

Since aging is present in any I&C equipment, this methodology does not imply that the effects of
aging should not be considered during the service life of the equipment. Condition monitoring and
trending should be used to identify end-of-life of the component. The use of microprocessors can
enable advanced and on-line diagnostics to be performed, improving the ability to detect both
random and impending (age-related) failures beyond present capabilities.

CONCLUSIONS

Fiber optic transmission systems were identified as some of the new technologies that will find
increasing application in power plant environments. The more significant Class IE applications oi
optical fibers in proposed ALWRs appear to be as datalinks between protection system divisions,
or as a communication network (fiber distributed data interchange~FDDI) over which muldplexei
data are carried to protection or engineering safety system processing units. A study of the impac
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of stressors on optical fiber cables in their proposed locations indicates that age-related
degradation can be expected to be minimal. This is because appreciable degradation due to the
stressors (e.g., radiation) seem to occur at much higher stress levels than the proposed locations
indicate. This suggests that given good design choices and installation procedures, fiber optic
components and transmission systems are likely to perform reliably in their proposed operating
environments. However, current information on long-term field performance is inadequate, and
lifetime predictions for photonic devices vary by orders of magnitude. In addition, standardized
tests are not always used, making it more difficult for test data to be more closely correlated. For
application in Class IE systems, it is necessary to ensure that the fiber optic subsystems are
qualified for the environment in which they are designed to operate on a case by case basis.

A methodology for equipment qualification of new I&C technologies for application in safety
systems has been proposad in this paper, using optical fiber communication systems as an
example. The methodology basically identifies when accelerated aging may be needed prior to
qualification testing for equipment not covered under 10 CFR 50.49.
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