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ABSTRACT

This paper describes Phase [I of the Radiation Effects and
Component Hardening (REACH) testing program,
performed as part of the joint collaborative agreement
between the United States Department of Energy (USDOE)
and the Power Reactor and Nuclear Fuel Development
Corporation (PNC) of Japan. Components and materials
were submitted to 10^ R/hr gamma radiation fields for
10,000 hr, producing accumulated doses of 10 ' R; most
performed as expected.

INTRODUCTION

This paper describes Phase II of the Radiation Effects
and Component Hardening (REACH) testing program,
which was performed as part of the joint collaborative
agreement between the United States Department of
Energy (USDOE) and the Power Reactor and Nuclear Fuel
Development Corporation (PNC) of Japan. The joint col-
laborative agreement is concerned with the development of
technology necessary to reprocess spent nuclear reactor
fuel. The REACH activity is a development support activ-
ity to aid in addressing the effects of radiation on fuel re-
processing operations. Phase I of REACH has been sum-
marized elsewhere [I],

This paper describes research aimed at discovering
the impact of high dose rates (10^ R/hr) and accumulated
dose (up to 3.2 x 10^ R) of gamma radiation. Equipment
used in nuclear fuel reprocessing and waste handling fa-
cilities often experiences high levels of radiation for ex-
tended periods of time. For example, radiation levels may
reach 2.8 x 10^ R/hr at one vitrification facility [2] and
underground storage tanks at another site may produce dose

rates of 400 R/hr [3]. Dose rates during radiological
emergencies may reach 10 R/hr [4].

The research goal was characterization of the re-
sponses of specific items to gamma radiation. It concen-
trates on determining the life expectancies of equipment
and does not attempt to identify mechanisms of radiation-
induced effects. Radiation effects on some materials used
in tested components are documented elsewhere (see for
example Refs. 5, 6, 7, and 8) but the impact of radiation on
a system is best identified by exposing the system and
observing the effects. This is because (1) the physical
arrangement of parts within a system may have an impact
on the dose received relative to the dose received by the
whole system, (2) the effects of hardening and shielding
may not be predictable from previously published data, (3)
data may not be available for all system components, and
(4) testing parameters previously used may not correspond
to the dose rate and accumulated dose of interest.

EXPERIMENTAL SETUP

The items included in the test were selected because
they may be used in future nuclear fuel reprocessing
facilities. Herns were supplied both by ORNL and PNC and
included centrifugal contactor motors, fiber optic cables,
AC servo motors, leaky coaxial cable, neutron isolator
material, sealed lead-acid batteries, proximity sensors, DC
servo motors, conductivity sensors, concrete samples, load
cells, filters and filter materials, simulated solid waste,
optical windows and mirrors, radiation resistant cable,
stepper motors, thermal insulation, and bus bar material.

The irradiation facility was the Gamma Facility at the
Argonne National Laboratory, which Ref. [9] describes.

• Managed by Martin Marietta Energy Systems, Inc. for the U.S. Department of Energy under contract DE-AC05-84OR21400



Dose rates up to 4 x 10^ R/hr are achievable in the Gamma
Facility. Cell temperature was between 25° and 35° C
during irradiation.

A microcomputer-based data acquisition system
(DAS) controlled many of the experiments and collected
data. The DAS comprised an Intel 80286-based
microcomputer, a Metrabyte DAS-16 a/d converter
connected to 4 Metrabyte EXP-16 multiplexers, a
Metrabyte P!O-i4 digital input/output board connected to a
Metrabyte STA-U screw terminal board, and a series of
relays of varying voltage capacity. The DAS also had a
GPIB 1EEE-488 interface bus. The microcomputer ran
custom-developed experiment management software that
monitored the date and time and triggered equipment op-
erations and data collection according to a pre-arranged
schedule: every hour for the first 10 hours, every 10 hours
for the first 100 hours, and every 100 hours thereafter.

COMPONENT TESTS

This section describes the component tests and the
results of the testing. Some data (e.g., filter performance
after irradiation) are not available and the results of some
experiments are described in detail elsewhere (e.g., fiber
optic cables [10] and leaky coaxial cables [11]).

Spindle Drive for Contactors
This experiment evaluated the performance of a new,

radiation-hardened spindle drive system for centrifugal
contactors. The radiation-hardened spindle drives were
motorized stainless-steel versions of the off-the-shelf
models, with Class NH-9 insulation and ceramic bearings
or conventional bearings with Chevron NRRG-I59 radia-
tion resistant grease. The spindle drives were mounted on a
small test stand equipped with two dummy rotors to
simulate loads that would be present during normal
operations with 8.4 mm-diam. (0.33-inch) centrifugal
contactor rotors. The average dose rate experienced by the
spindle drives was 4.2 x 10^ R/h, and the drives received a
total accumulated dose of 2.9 x 10^ R.

Three variables were monitored during the exposure
period: (1) current, (2) vibration, and (3) electrical
resistance of the motor insulation. The DAS monitored
current continuously to provide a high-level alarm that
allowed it to shut down the experiment. Electrical
resistant? measurements were made every other week and
vibration measurements every month. The spindle drives
operated continuously during the exposure period, except
during electrical resistance measurements.

There were no changes in the vibration or electrical
resistance data during testing. Current averages were 7.40

amperes and 7.29 amperes for motors 1 and 2, respectively,
before I06 R and after I0 6 R the averages were 6.21
amperes and 5.99 amperes. The average standard
deviations were 0.41 and 0.62 before 106 R and 1.21 and
1.78 after, nearly a 3-fold variability increase. There was
no concomitant change in the temperature of the centrifugal
contactor. It appears from these data that (1) motor current
fluctuated more after the dose reached 10^ than it had
before and (2) radiation affected motor number 1 more than
motor number 2. The spindle drives were able to function
up to the final accumulated dose, which was 4.2 x 10^ R.
However, it appears from the current data that the
insulation in the motor windings was deteriorating in the
latter stages of the test, which would eventually have led to
motor failure.

AC Servo motors
Four AC servo motors were tested on the hypothesis

that motor performance would decline with the dose
received because of degradation of stator coil insulation or
motor bearings. The motor assemblies for each unit in-
cluded (1) the motor, (2) a resolver, (3) a roller chain
sprocket to provide an inertial load on the motors, (5) a
motor support stand, (6) a thermocouple, (7) a servo motor
amplifier, and (8) a resolver interface. Three motors were
placed in the irradiation cell and one motor was placed
outside the cell, along with all of the amplifiers and
resolver interfaces. The AC servo motors experienced 1.03
x 10^ R/h and received a total accumulated dose of 1.03 x
10^ R. During each operating cycle the DAS recorded
motor amplifier output current, resolver position, and
inertial load tachometer output. At the end of each
operating cycle the temperature of the motor was recorded.

The AC servo motors remained in the irradiation cell
for the length of the testing program but were not affected
by the radiation. The AC servo motors seemed extremely
robust and quite capable of operating under the radiation
conditions imposed during testing.

DC Servo-motors
Many remotely-controlled manipulators use DC servo

motors to power slave arm joints. The effects of radiation
on the DC servo motor performance would have an impact
on the reliability and availability of a servomanipulator;
therefore, a pair of DC servo motors (brush type) were
included in the irradiation testing. The hypothesis for this
experiment was that motor performance would decline in
proportion to the total exposure of the motor as a result of
(1) failure of electrical insulation, (2) failure of motor
bearings, and (3) brush block insulation failure.

Two DC servo motors were placed in the irradiation
cell in a location where they received 6.5 x I0 4 R/hr and



run through acceleration and deceleration cycles. Motor
performance did not vary significantly from the start of the
experiment until the motors had received over IO7R of
total dose. One of the motors failed after receiving 2 x 108

R and the other failed after receiving 3 x 10* R. The
hypothesis stated for this experiment was that motor
performance would decline in proportion to the accu-
mulated dose but this pattern did not appear; rather, the
motors continued to perform at a fixed level until they
failed completely After the motors failed, observers in the
irradiation cell during pauses in the irradiation noted that
the motors would run when they were given a turn to start
them although the> would not start b> themselves. In the
first REACH testing phase, a similar result occurred for
DC servo motors supplied by PNC and manufactured in
Japan [12]. This failure was interpreted as a short in the
motor windings, a common failure in radiation fields.

Stepper Motors
An 8.64-cm (3.4 inch) stepper motor and a 5.84-cm

(2.3 inch) stepper motor (both built and tested to 10* R)
were irradiated during the testing. The purpose of the
testing was to determine whether the motors could survive
a dose as high as 105 R. The motors were placed in a
location that received 5.8 x IC* RTir and left running
during the course of the irradiation testing. As far as could
be determined b> casual observation of the motors during
testing, no changes in performance occurred during the
irradiation testing. The stepper motors were returned to the
manufacturer for post mortem analysis, and no serious
degradation of the cables, wire insulation, or oil were
observed when the motors were disassembled. There was
slight degradation of the paint, discoloration of the
insulation, corrosion (probably from humidity within the
cell), and breakdown of lubricants (but not more than could
be expected of a motor running this long under normal
conditions).

Neutron Isolator Material Samples
Four types of neutron-absorbing material supplied by

ORNL and three sets supplied by PNC were included in the
REACH testing. The impact of radiation on these materials
was characterized by several different measurements. First,
the mass loss occurring during irradiation was recorded to
determine the amount of hydrogen present in the neutron
isolator, to provide data for criticality evaluations in
support of licensing. Second, the temperature of 1
specimen of each of the ORNL-supplied material samples
was recorded to measure the gamma-induced heating, to
aid in understanding mass losses. Third, the off-gasses
generated during irradiation were collected in a vessel and
the components of the off-gasses identified for 1 specimen
of each of the ORNL-supplied material samples. Fourth,
the spatial dimensions of 1 specimen of each of the ORNL-

supplied material samples was recorded several times
during irradiation and compared to measurements of an
equivalent unirradiated sample to provide data about
dimensional changes.

The four types of materials supplied by ORNL were
(1) Reactor Experiments No. 277, (2) Reactor Experiments
No. 244, (3) Bisco Products NS-3, and (•*) borated
concrete. The ORNL samples were placed in a location
where they received 2.5 x 10$ R/hr. Three specimens of
each type of neutron isolator material supplied by PNC
were irradiated in the gamma cell in a location where they
received 1.4 x 105 R/hr.

For the ORNL-supplied materials, the mass of all of
the samples was recorded before and after the imuiarion
testing and the dimensions of the in-cell samples without
thermocouples and of the out-of-cell samples were
recorded after accumulating doses of 10^,10^,10^, and 10^
R. The volume of each sample was calculated from the
latter measurements. Off-gas accumulation was measured
after reaching 107, 108, and 109R. For the PNC-supplied
materials, the mass of all of the samples was recorded
before and after the irradiation testing.

Fig. I shows the average mass loss for each type of
neutron isolator material, expressed as a percentage of
starting weight (this allows direct comparison of the bo-
raied concrete samples, which were in the form of half-
disks to the other three types, which were formed in cubes
and had greater starting mass). In the figure, each bar pre-
sents the average mass loss for the 3 samples (2 samples
for the borated concrete) in the irradiation cell and the line
is the mass loss for the out-of-cell control sample. While
there was little change in the volume of the samples during
the testing, there were important changes in the masses of
the samples. In Fig. 1 the two samples from Reactor
Experiments both lost less mass than did the Bisco NS-3 or
the borated concrete. However, < hile the in-cell mass
losses were quite large, for 2 of the 4 materials (Reactor
Experiments No. 277 and No. 244) the in-cel! iamples lost
less mass than did the out-of-cell sample. The out-of-cell
mass loss was fairly consistent (approximately 20% to
25%) but the in-cell mass loss varied across materials; it
may be that these two materials lost water more rapidly in
the presence of the radiation or the temperature in the
irradiation cell. Data from the off-gas analysis (see below)
indicate that the RE 277 gave off a higher percentage of
hydrogen and carbon monoxide in its off-gas than the other
materials did, which may mean a higher rate of water loss
from the material than from the others. Unfortunately, the
volume of off-gases produced was not measured, so this
conclusion is speculative. The Bisco Products NS-3 was
least affected by conditions in the irradiation cell.
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Fig. 1. Average mass loss observed for each neutron
isolator material

Fig. 1 also shows the average (of 3 samples) mass
change observed for the PNC-supplied neutron isolator
materials. All three material samples exhibited less mass
loss than the ORNL samples. The largest loss (2.7%) was
observed in the NL 4000 samples, the next largest (2.28°/o)
in the M 150 samples, and the smallest in the PNC 3
samples (1.62%).

Off-Gases. The RE 277 tended to yield much higher
levels of hydrogen than either of the other two materials,
0.45% versus an average of 0.047% for the other two
samples in the first gas analysis, 3.2% versus an average of
0.01% for the other two samples in the second gas analysis,
and 23.9% versus an average of 0.01% for the other two
samples in the final analysis. The RE 277 also produced
larger quantities of carbon monoxide: 0.60% versus an
average of 0.07% for the other two samples in the first
analysis, 3.4% versus an average of 0.05% in the second
analysis, and 7.9% versus an average of 0.02% in the final
analysis. The higher relative hydrogen and carbon
monoxide production was accompanied by lower relative
production of oxygen than the other two samples.

Sealed Lead-Acid Batteries
Many remotely-controlled devices require portable

power sources, so estimates of the operating life of
batteries in radiation environments are useful. This
experiment evaluated the impact of the gamma radiation on
two types of commercially-available, sealed lead-acid
batteries. The hypotheses for this experiment were (1)
degradation of battery cases will occur after 1 x 10^ R [13],
(2) the polystyrene case will prove superior to the

polypropylene case, and (3) battery performance will
decline steadily once degradation begins.

Sealed lead-acid batteries from two vendors were
tested in the irradiation cell. Three batteries of each type
were placed in ihe cell and subjected to 4 x I0 4 R per hour
and one battery of each type was placed out of the cell and
used as an experimental control. The batteries were run on
a 100-hour charge/discharge cycle: they were charged for
96 hours and then discharged through a 15 ohm resistor
until the battery' voltage dropped to 10.8 volts. The data
collection system recorded the total discharge time and
maximum voltage. Total discharge time was used to calcu-
late the percent of discharge capacity during each
charge/discharge cycle.

Because the performance of the first set of 3
polypropylene batteries degraded more quickly than an-
ticipated, a second set was inserted in the cell during the
testing. Performance of two batteries from the first set be-
gan to deteriorate as soon as they were placed in the ra-
diation field but a third battery maintained more than 80%
of rated discharge capacity until the dose reached ap-
proximately 4 x 10' R. The second set performed better: all
three of these batteries maintained better than 80% of rated
discharge capacity until the dose reached 5 x i o ' R. The
polystyrene batteries performed much better than the
polypropylene batteries, maintaining more than 80% of
rated discharge capacity until the dose reached 2 x 10* P-
The polypropylene out-of-cell battery maintained better
than 80% of rated discharge capacity for 2000 hours of
testing while the polystyrene out-of-cell battery maintained
better than 80% of rated discharge capacity through the
entire course of the experiment (5000 hours).

Because out-of-cell battery performance also decayed
as the number of charge/discharge cycles increased it was
necessary to scale the performance of the in-cell batteries
to the out-of-cell standard. For each data collection period
the ratio of the percent of rated discharge capacity at that
time to the percent of rated discharge at the first data
collection period was calculated. This provides an index of
relative discharge capacity for each battery (in- and out-of-
cell). Next, the ratio of relative discharge capacity for each
in-cell battery to its out-of-cell control was calculated and
expressed as decibels to provide a measure of discharge
capacity attenuation caused by radiation: this measure (the
capacity attenuation) is the reduction in discharge capacity
beyond what could be expected from normal performance,
based on the out-of-cell battery discharge capacity. Fig. 2
shows the average capacity attenuation for each set of
batteries as a function of total dose. In the figure, when the
capacity attenuation is zero the performance of the in-cell
battery is the same as that of the out-of-cell battery; when it



is below zero, the in-cell battery capacity has been
artenuated less than that of the out-of-cell battery capacity;
and when the index is above zero the capacity of the in-cell
bartery has been attenuated more than that of the out-of-cell
battery. From Fig. 2 it appears that the polypropylene
batteries were subject to the effects of radiation from the
start of the experiment, and the attenuation steadily
progressed until the batteries were useless. The polystyrene
batteries were not affected by the radiation until the dose
reached 1.5 x 10^ but after reaching this dose they decayed
rapidly.

This is evidence for the hypothesized superiority of
the polystyrene case material over the polypropylene case
material. In addition, the polystyrene cases showed no me-
chanical damage (although they were discolored) but the
polypropylene cases literally fell apart.

Proximity Sensor
A set of radiation-resistant proximity sensors (rated to

1 x 10'^ R> was included to verify that they would not fail
at the lower doses received in the REACH testing program.
For the purposes of this testing, failure was defined as a
change in sensor output of ± 1 5 % . Three proximity sensors
were placed in the irradiation cell in a location receiving 4
x l(T R rir. A fourth sensor was placed out of the cell to
serve as a control for the experiment. There were no
changes in proximity sensor output that met the failure
criterion. Therefore, it appears that the proximity sensors
were able to withstand a dose up to 4 x 1 o" R.

Conductivity Sensors
Two conductivity sensors were tested in Phase I! of
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REACH. The sensor systems were not expected to fail
catastrophically but to drift out of range. The drifting was
expected to occur after the sensors received 1 x 10^ R, so it
was not expected to occur until near the end of testing, if at
all. For the purposes of this testing, failure was defined as a
change in sensor output of ± 1 5 % .

The conductivity sensors were placed in the irra-
diation cell in a location receiving 6 x lO'* R/hr and ex-
tension cables were run from the sensors to a signal con-
ditioning transmitter located outside of the cell and to the
DAS. The power source was then turned on and the output
voltage from the sensors was monitored and compared to
see that they agreed with predetermined values and toler-
ances, to check that the system was operating properly.
Once a week a relay switched the transmitter from one
sensor to the other. The transmitter was left on during the
entire testing period.

The conductivity probe did not fail within the
definition of failure stated at the start of the experiment
although the conductivity probe output did begin to fluc-
tuate after the dose exceeded 2 x 10° R. However, the
range of the fluctuation was only about 6% of the signal
magnitude.

Load Cell
Two load cells were placed in the irradiation cell in a

location receiving 2.8 x 10^ R/hr and wires run from the
load cells to a control box, also located in tbe cell. The
control box contained the load cell power supplies. Exten-
sion cables were run from the control box to a terminal box
located outside of the cell and from the terminal box to the
DAS. A power cable was run into the cell and attached to
the control box. Bolts attached to the mounting hardware
were used to place a load on the load cells: the bolts were
tightened so that the load cells provided a predetermined
voltage before the start of irradiation testing.

Both load cells seemed to function properly until the
total dose exceeded 1 x 10^ R; past this point, the output of
the load cells began to decline. One of the load cells failed
at approximately 6.5 x 10", but the other one was still
providing an output voltage (albeit an artenuated voltage)
when the load cells were removed from the cell, after
receiving 1.36 x 10^ R. The failure of the former load cell
may be attributed to a failure of the load cell power supply.
The output of the load cell power supply became erratic
after it reached 5 x 10^ R and it appears to have failed
altogether after it reached 6 x 108 R.



Simulated Solid Waste
One of the operations that will be performed in future

waste handling and site remediation operations is the
unloading of waste from underground concrete storage
tanks. These tanks may contain a wide variety of materials,
including objects made of metals, glass, wood, fabrics,
plastics, etc. Much of this waste may be inside of secon-
dary containers, including plastic bags, poly buckets, metal
cans, fiber drums, and metal drums. The contents of the
casks may have been subjected to integrated gamma doses
of up to 1.5 x 10^ [ 14]. Some items inside of casks (notably
items made of stainless steel, aluminum, and lead) will not
be affected by the radiation received during storage;
however, contents which are made from organics will have
deteriorated. The objectives of this experiment were (1) to
provide simulated organic contents for test by irradiating
clean material inside of stainless steel containers and (2) to
provide general, qualitative information about the
properties of the material inside containers after gamma
irradiation.

Clean material representative of waste cask contents
was placed inside four 55-gallon stainless steel drums and
four 1-gallon stainless steel cans. The 55-gallon drums
contained lab coats, shoe covers, a manipulator boot
sample, rubber gloves, assorted polyethylene bottles,
reinforced drawstring waste bags, nylon cord, scrap
lumber, a poly bucket, a fiber drum, saw dust, and a
mixture of polyethylene bags (40%), decontamination
wipes (30%), blotter paper (20%), and paper towels (10%)
to fill void volume. The 1-gallon containers were packed
with approximately equal amounts of scrap softwood, lab
coat or coverall fabric, paper towels, decontamination
wipes, blotter paper, polyethylene bags, samples from poly
buckets, a 1.52-m (5-ft) length of 0.3I75-cm (1/8 inch)
diam. nylon cord, a 25 ml polyethylene bottle, and scrap
manipulator boot material. The containers were placed
within the irradiation cell in a position where they received
1 x 10.5 R/nj. one container from each set was removed
after receiving 10^, 10^, 10*, and 10^ R. The containers
were returned to ORNL for storage after being removed
from the irradiation cells. The 1-gallon containers were
opened and the contents were removed, photographed, and
returned to the container. The 55-gallon drum removed
after receiving 10^ R was opened and its contents were
examined and photographed. The 55-gallon drum removed
after receiving 10^ R was tapped and a gas sample was
taken.

Results: l-gallnn Cans. Little deterioration was
evident for the first two samples removed (10^ and I07R):
the only clear changes were browning of the 25 ml sample
bottle, the scrap of glove material, and the nylon cord. The
sample removed after receiving 10° R showed more

browning and also showed deterioration of the paper towels
and the cheesecloth. The 25 ml sample bottle was very
fragile and shattered while being removed from the drum.

When the last I-gallon container was opened it gave
off an unpleasant, acrid odor and the contents appeared to
be covered by a brown sludge. The apparent sludge was
actually a firm solid, the remnant of the polyethylene bags
which had melted onto the poly bucket samples. The nylon
cord was very brown and tacky. The paper towels were
very fragile and considerably browned around the edges.
The wood block was also brown but this appeared to be a
substance coating the block and not a property of the wood
itself. The bucket samples had also been browned by the
exposure.

55-gallon Drum Off-gases. The gas produced during
irradiation is of some interest: after the last 55-gallon drum
completed its radiation exposure (10* R) Argonne National
Laboratory personnel withdrew a sample of the gas in the
drum. A large proportion (29.8%) of the off-gas was
hydrogen. The pressure inside the drums built up during
irradiation, and the drums were "burped" from time to time
to relieve the pressure. Given that (1) drums containing
similar miscellaneous waste in a gamma radiation field
produce g:\ses during the decomposition of their contents.
(2) the contents of a sealed drum may be under pressure,
and (3) the pressurized gas inside the drum may be include
a large percentage of hydrogen there may be a considerable
hazard to persons attempting to move or open such drums.

Windows. Mirrors, and Optic Fiber Connectors
In addition to the optical fiber testing optical win-

dows, mirrors, and a fiber optic connector were tested.
These items showed minimal radiation damage. The
windows tested were sapphire windows, 10 mm (0.39 inch)
in diameter and 1 mm (0.039 inch) thick. The mirrors were
26 mm (1.02 inch) in diameter, front surfaced mirrors. The
mirror surface was an aluminum coating with a silicon
monoxide overcoating. The dose rates for all but one of the
test specimens ranged from 8.5 x 10"* R/hour to 1.3 x 10^
R/hour. One window and one mirror were irradiated at 4 x
10^ R/hour. The transmittance of the irradiated windows
and the reflectance of the irradiated mirrors were measured
over the range from 360 nm to 780 nm using a Cary 14
scanning spectrophometer. The results for the irradiated
specimens were compared to the results from a set of unir-
radiated control specimens: none of the irradiated speci-
mens showed radiation-induced losses up to the maximum
dose they received, 4 x 10 1 0 R.

A remotely maintainable fiber optic connector de-
signed for four 1 -mm diam. (0.04 inch) fiber optic cables
and three 18 gage electrical lines was also tested. Two



identical fiber optic cables were prepared by inserting the
connector in the middle of one of them. The connector had
about a 3 dB insertion loss, that is the fiber with the con-
nector transmitted about one-half the light that it did before
the connector was inserted. The other fiber served as an in-
cell reference. Both of the fibers were coiled together and
irradiated under identical conditions.

The optical power received by the detector as a
function of wavelength was integrated to measure total
optical power transmitted through the fibers. The reason
total optical power was measured, as opposed to optical
power at discrete wavelengths, was that the failure mode of
the connector is mechanical and not optical attenuation. A
mechanical failure would affect all wavelengths equally.
These data seem to indicate that the connector did not fail
to at least 2 x 10^ R. After that point, the signal through the
test fiber and the reference fiber became to weak to
measure reliably due to radiation damage to the fibers.

CONCLUSIONS

The REACH testing provided information about the
performance of components in high-level gamma radiation
fields that will be valuable for designers of future nuclear
facilities. It also provided a means for refining radiation
testing techniques. In the Phase I test report, the author
concluded that "it is often difficult to define failure in a
radiation environment" because performance often decays
instead of terminating in a step-wise fashion. The Phase II
data support this conclusion: however, one potential
alternative method for defining a failure was used with
good results. The method used for analyzing the data in the
battery experiment was to index the performance of
irradiated batteries to that of an unirradiated control battery
using the figure of merit calculated by the formula

i4 = l o g i o ( f i / £ ) x l 0

where A is attenuation in decibels, fj is the ratio of the
original discharge capacity of the unirradiated battery to the
current discharge capacity of the unirradiated battery; and
fr is the ratio of the original discharge capacity of the
irradiated battery to the current discharge capacity of the
irradiated battery. This approach was adapted from the a
method used to calculate signal attenuation through fiber
optic cables.

Expanding on the approach used for battery com-
parisons, the attenuation index A can be adapted to define a
radiation-induced component failure based on performance
by arbitrarily defining a failure as occurring when system
performance has risen above 3 dB of pre-irradiation

performance. It may be said that the 3 dB performance
level defines radiation tolerance: the total dose at which the
3 dB performance level is attained is the radiation tolerance
of a component.

This failure index is not applicable to all systems and
it cannot replace the traditional binary definition of a
failure (i.e., it is running or it isn't). However, for many
complex systems that experience performance degradation
in radiation environments it provides a more realistic
approach. The traditional definition would lead to a spuri-
ously long estimate of useful life because it would not
consider a failure to have occurred until the system was no
longer able to function at all, when in terms of the mission
of the system it failed much sooner. Conversely, some
complex systems can experience the complete failure of a
component without losing much functionality: for example,
servo-manipulators have considerable natural redundancy
and are able to complete tasks 'vith complete failures in a
joint, and may be able to complete tasks with no observable
impact on performance with degraded performance in a
single joint [15, 16). This is a case in which a performance-
based failure index is useful.
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