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ABSTRACT

As part of a simulator adequacy assessment program, the relative
effectiveness of electrons and photons to produce damage in a
generic ethylene-propylene rubber (EPR) has been investigated.
The investigation wae limited in extent in that a single EPR
material, in three thicknesses  was exposed to Cobalt-60 photons
and three electron beam energies.

Basing material damage on changes in the EPR mechanical properties
elongation and tensile strength, we observed that EPR damage VQE'AW'“
smoothly varying function of absorbed energy and independent of
irradiating particle type. EPR damage tracked equally well as a
function of both incident particle energy and material front

surface dose.

Based on these preliminary data, we tentatively concluded that a
correlation between particle, particle energy, and material damage
(as measured by changes in material elongation and/or tensile
strength) has been demonstrated.
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EXECUTIVE SUMMARY

As part of a etudy on the adequacy of cobalt-60 sources to
simulate the radiation damage tec organic materials exposed to the
mixed radiation environment accompanying a nuclear power plant
loss of coolant accident (LOCA), the "equivalence" of electron and
photon induced damage in a generic ethylene propylene rubber (EPR)
insulation material exposed to cobalt-60 photons and accelerator
producea electron beams was investigated.

Electron beam induced material d:mage was studied as a function of
three EPR thicknesses, three electron beam energies, and one
dose-rate and integrated <ose. EPR thicknesses were selected as
being tepresentative of thoee used in electrical cable insulation
appiications. Likewise, electron beam energies were choren to be
compatable to those predicted for a LOCA event. The electron beam
dose-rate was algo chogen on the basis of estimated LOCA
dogse-rates, and the integrated dose was selected to balance the
need for statistically signiticant material damage and reasonable
electron beam exposure times. <Cobalt-60 irradiations, equivalent
to the electron beam exposure dose and dose-rate, were obtained
for the material damage equivalence evaluation.

Damage to irradiated materials was based on a technique frequently
used to gauge the effects of radiation aging on Class 1E
elastomeric materials; i.e. changes in elongation and tensile
strength of the irradiated specimens. Analyses of the radiation
exposure data suggest that the observed material damage is a
slowly varying function of absorbed energy and independent of
particle type within experimental uncertainty. Absorved enecrgy,
parcticle energy, and surface dose are all interrelated parametere,
and the data analysis on the basis of each of these parameters
yields similar resulte. From these data an estimate of photon to
electron relative (damage) effectiveness was obtained. The ratio
lies between 0.94 and ..04 over the range of parameters considered

to date.

More extensive studies are required to reach conclusions
applicable to other materials and radiation exposure conditions.
In particular, the study should consider (at least one) other
material, extend the electron energy to lower values and the total
dose to higher values, and evaluate the effect of dose rate.
Consideration of an additional material would provide a check on
the uniquenees of the results presented here. Extension of the
electron energy to lower values may provide a cut-off energy below
which incident particles could be neglected. Larger total absorbed
doses would allow determination of the influence of degradation
axtent. Dose-rate data would establish a satucration effect, if
there is one and perhaps provide a measure of dose-rate influence
on the damage effectiveness of electron beam irradiations as a

function of beam energy.



| 48 INTRODUCTION

It is the general practice in the qualification testing of safety-
related systems and components to simulate reactor containment
volume radiation environments, resulting from loss of coolant
accidents (LOCA), with isotopic photon irradiators. Implicit here
is thy assumption that discrete energy, steady-state photon
sonrces will adequately simulate a complex radiation environment
composed of electron and photon components each with its own time
dependent energy spectrum and emission rate.

In view of the complexity of the accident radiation environment,
the adequacy of isotopic photon irradiators to simulate the
accident conditions has been periodically questioned. It has been
our contentionl! that equivalence exists between electron and
photon radiation effects provided certain conditions are
satisfied. On a microscopic scale, we believe equivalence is
likely present provided equal energy absorption occurs with either
electron or photon bombardment. On a macroscopic scale, however,
nonequivalence of electron/photon bombardment may be observed.
Several factors may influence equivalence and include, for
example, (1) differences in energy deposition profiles between
electrons and photons, (2) differences in material response
(enecgy deposition), per unit dosimeter response, as a function of
irradiating particle type, and (3) different damage mechanisms
(such as crosslinking, charge buildup and/or breakdown, etc.). On
the other hand, irradiated material properties may be so
insensitive to the type and energy of the incident radiation that
these parameters--energy, particle-type, etc.--are mere nuances as
far as damage studies are concerned. Our intent was to identify
the degree to which each of these functions influence damage
egquivalence in certain organic materials.

Recently we completed a scoping study on the relative
effectiveness of electron and photon bombardment in producing
radiation damage in a rubber insu%atton material. We examined the
response of a generic EPR rubber.,? in slab geometry, to both
cobalt-60 photons (E (ave) = 1.25MeV) and several different enerqgy
electron beams. Rubber thicknesses were 0.1, 0.15, and 0.2 cm;
this is the thickness range frequently used in electrical
ilnsulation applications. Electron energies considered spanned the
range between 0.235 and 0.85 MeV and were based on beta particle
average energy estimates for in-containment radiation environments
tesulting from a LOCA radiation release. For comparison with our
choice of energies those calculated average energy estimates for a
beta particle LOCA radiation environment are presented in

Figure 1.3 The electron dose-rate and integrated dose were

fixed at 2 Mrad/hr and 10 Mrad respectively and both were chosen
somewhat arbitrarily. As may be observed from the calculated LOCA
dose-rate/dose plot, Figure 2,4 the 2 Mrad/hr electron dose rate
occurs at an integrated dose of approximately 100 Mrads- well
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within the LOCA dose-rate versus time profile. The integrated
dose was selected on the basis of consistent material properties
degradation and reasonable radiation exposure times.

Complimentary to the experiments, we calculated the EPR response
to both photon and electron beams as energy deposition profiles,

sample fron surface dose, and total energy absorption. 1In
addition, response of the dosimetr; material used in the study was
also ca'culated. The calculated EPR response allowed correlation
of observed EPR damage to front surface dose, etc. Calculated
dosimetry response provided correlation between calculated photon
and electron results just as dosimetry measurements provided a
link between observed photon and electron induced damage.

The following sections of the report detail the electron/photon
gcoping study. Included are discussions of the experimental
procedures, experimental and calculated results, and conclusions.

&, APPARATUS AND PROCEDURES

We used a PELLETRON* electron beam accelerator to produce the
electron beam exposures for our experiments. The electron enerqgy
range is continuously variable between 0.025 and 1.15 MeV, and
beam current is adjustable up to a maximum of 34 microamperes.
Uncertainties in the machine parameters (voltage regulation and
ripple) were carefuliy determined such that the electron bfam
energy was known to within approximately 0.5 pe:cent.5 Total
besam current was measured with an in-line Faraday Cup positioneu
at the accelerator exit and just inside the integral vacuum
chamber. Additional current sensitive elements were positioned
within the vacuum chamber as aids in controlling the electron beam
trajectory. In Figure 3 a schematic of the accelerator, integral
vacuum chamber, and external fixturing are depicted. All internal
and external elements are positioned along a common ceanterline
that is also colinear with the required electron beam trajectory.
In the vacuum chamber, maximum current into the deflection coills
is obtained by minimizing current detected by the focusging and
alignment apertures. The normally tight electron beam is then
deflected into a square pattern and transported into the ambient
environment through a 0.005 cm (0.0u2 in) beryllium window.
leflection system performance har been well characterized® as a
function of electron beam energy, beam pattern size required,
etc. Fixturing external to the vacuum chamber consists of a
beryllium shutter, beryllium back plane, and

*« Manufactured by National Electrostatics Corp., Middleton, WI
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A reaidual beam catcher. 'The purpose of the beryllium shutter is
twofold--te detect the total peam transported through the
beryllium windew and isclate target materiale from the electron
beam during minor beam ste2ring adjustmenta. The beryllium back
plane functions primarily to detect cuzient in the target plane
both with and without a test spacimen in position. The residual
besam catcher functions mainly as & check on current comseivation
in the ambient eavironmant. Each curcent detecting element in the
srray ie¢ monitoced with an analogue eclectcometer system. Position
vf rhe target plane (beryllium back plane) with respect to the
parylliium exit window is determined, primarily, on the basis of
geometric ceunsiderations. Given rthe maximum (line-cf-egight)
dimension subtended from the deflecti¢n coil center to the
beryllium exir window allows estimation of the window target plane
sepgaration required for a given tacget speciwen size. Some

ad justmentrs in window-takget piane separation are c¢ccasionally
requiced te enhance beam uniformity in the tacget plane.

Fhoton expcsures were cobtalineda usiag the Sandia Laboratories North
Gamma l[rradiation Facility (NGI¥). 1iu essence, the facility
consists of 8 dry irradiation cell (cubical in shape} and
companion rectanrgular arcay (12 x 10 x 7 inches) of cobalt-60
pencilé. The scurce array consiste of 64 pencile with total
source strength of approximately 55 kilocurieg. Dosge rate in the
vieinity of the 10 x 12 inch surface is in ercess of 2.5 Mrad
(air)/nr.

Extensive electron and photon dosiwmetry measuramente were made
ptior to the effecte experiments. The electron beam pattern size
and uniformity data were oktained using thin dye loaded plastic
detecter wateviasl. Detecrtor wmaterial response measurements and
calibration reclnigues are similar to those described in
Reference €. 1n addition to thin film dosimetry determinations,
we converted beryllium back piane current measucements iato dose-
tate values usiny calculated energy absorption coetficients in a
rannec analogoue ¢ those technigues repurted in Reference &.
Phicton besm patrern size, uniformicy, and Jose were also obtained
Using the thin film dosimetry. Use of identical dosimency
methode, €for opoth electron and photen measuviements, allowed for
ditect comparison of radiatiorn etfects data for "equivalence®

o250 o VIVE-T-T N

Average electron bheam energy incident on the target plane wae
calculated uwsing the coupled electron-photon transport code,
TIGER.” Ueing, as iaput, the in vacuo electron beam enezgy
detecrmined from the accelerator adjustable patameters, the target
plane beaw energy wae calculated or the basis ¢f beam transport
through the beryllium windew and intervening window-target plane
air gap. In addition to electron spectral Jdata, the calculations
yielded test specimon ens:gy depoeitisn data, dosimetry material
response, etc. Tlhese dats were uged in minor adijustments of




input energy and air gap dimension tc obtain the desired beam
energy at the target plane and yet achieve acceptable beam
uniformity across the target plane. Similar calculations were
required to obtain energy deposition estimates for samples
irradiated in the NGIF Co®0 facility. As in the case of the
electron beam calculations, we included the effects of intervening
material on the deposition results. In this instance, we included
the source pencil cladding material as well as the intervening air
gap. Likewise, target geometries and compositions were identical
to those used in the experiments. Some results of these
calculations are given in Figure 4 and Tables 1 and 2. 1In Figure
4 energy deposition results for ethylene-proplyene rubber (EPR)
are presented. Plotted are deposition data for three electron
energies and Co%0 photors. The listed electron energies are
gpectral averaged values, whereas the photon value is merely the
simple average (1.25) of the two emission lines, i.e., 1.33 and
1.18 Mev. In the figure, the energy deposition values have heen
normalized on the basis of the thin film detector calculated
response. This normalization allows for direct comparison of all
observed radiation damage, independent of particle type or

energy. We note from the figure that the electron energy
deposition profiles are strongly dependent on the electron beam
energy, whereas the extrapolated front surface doses are clustered
rather closely about a single value.

A compilation of calculated energy deposition data for 0.10 cm
(thick) EPR and detector (dosimeter) material is given in

Table 1. It may be noted, in columns 2, 3, and 4, that the
calculated energy deposition results are presented on the basis of
one incident particle (MeV/pr, etc.). Experimentally, electron
energy deposition determinations are quickly obtained from
electron particle (current) measurements in conjunction with
calculated data similar to that given in columns 2, 3, and 4. On
the other hand direct determination of high intensity photeon
particle fluence is not readily obtainable. Hence, we use thin
film dosimetry, the detector, as a link between electron and
photon exposures rather than particle fluence. 1In columns 5 and 6
absorbed energy and front surface dose values, based on the
detector dose, are tabulated. All absorbed energy and front
surface dose values used throughout this report are based on
detector response rather than incident particle values.

Calculated energy deposition results, for all material
thicknesses, are presented in Table 2. Tabulated are absorbed
energy values, per unit detector dose, for each energy particle
and EPR thickness. Energy absorption values are based on unit
material thickness. We note, from Figure 4, that in several
instances sample thickness is greater than the incident particle
range and in others particle range is much greater than sample
thickness. Further, material degradation is a function of
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absorbed energy. 1In order to more clearly illustrate the effects
¢f absorbed energy on material mechanical properiies, all plots of
material change, a8 a tunction of absorbed energy, are on the
basis of absorbed energy per unit material thickness.

£xtrapoliated front surface dcse date are listed in Table 3. From
the table it is noted that extrapolated front surface dose is not
parcticuiarly sensitive te the incident electron beam enerqy or
sample thickness. We observe, however, that the photon results
are appcoximately fifty percent lower than the electron values.
Since marterial damage, ac indicated by changes in elongation and
tensyle strength, may be dependent on pacticle enerqgy and sample
thicknese and in order tc demonstrate that dependence, we have
tabulated frenr surface dose data on the basis of unit detector
dose and matecial thickness. Plots of damage versus extrapolated
front surface dose presented elsewhere, in this report, are also
plotted as & funcrion of normalized front surface dose.

For this study, a cingle (type) insulation material in one
geometry was congidered. The target matecial used in this study
was a generic FPk rubber insulation material (#1482) compounded
from an "in-house” formulatien.? The material was cast into a
elab geowetry with 15 cm lateral dimencions. Three sample
thicknesses wate usged--0.1, 0.15, and 0.2C cm.

Full, 1% x 15 ¢m EPR slabs were used in all radiation exposures.
integrated dose and doee.-rate ware fixed, for all irradiations, at
10.0 Mrad(air) and 2.0 Mrad(air)/hr respectively. Dose and
dose-rate measurements were obtained, with calibrated thin film
dosimetry, for each particle type and energy prior to any EPR
expesures. Calibration of the film dosimetry was on the basis of
doee to air and subseguent EPR irradiation doses weie done in
terms of exposure dose te air.

Radiation aging effects on bulk elastomecic materials, used in
Ciass 1LE cables, are generaily gauged cn the basis of changes in
mechanical properties of the radiation stressed material. Two
frequently used i1ndicatore of cradiation damage ace changes in
material elongation and tensile strength. 1In this investigation
normalized elongation, e/e,, and normalized tensile strength,

18/ (Tey). wetre used ae ind?cators of damage in irradiated EPR
specimens. Irradiated samples were sectioned into test specimens
15 centimeters loug by 2.625 centimeters wide. Ten specimens were
taken from each sample for tensile measuremente. Tensile
reasureaments (elongation and ultimate strength) were obtained with
an instron 1G00 Universal test machine using a continuous tape
extensiometer graduvated in 0.1 inch increments.




Table 3. Front Surface Dose - All Slab Thicinesses

Particle Ererey Frant Surface Dose / Detector bse / o

Mo (/) / (/) / o
0.5 - 1.2 9.6 .40
08 ¢ 15.00 10.00 7.5
0.8 4.5 9.93 745
125 ¥ o 6.49 "o
Sl Thidress (@) 0.10 0.15 0.2
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3. RESULTS

3.1 Elongation and Tensile Strength Versus Particle Energy

Radiation exposure conditions and EPR sample data have appeared
elsewhere throughout the report. For convenience, the data are
summarized as follows. All samples were exposed, in air at
ambient pressure and temperature, to a fixed integrated dose and
dose rate of 10 Mrad and 2 Mrad/hr respectively. Experimental
dose measurements were determined with thin film dosimetry
calibrated against an air ionization chamber. Both elongation and
tensile strength data were normalized on the basis of unirradiated

sample results--e/e, and TS/TS,.

Elongation results are depicted in Figure 5, Plots A and B.
Consider Plot A first. 1In Plot A normalized elongation data are
plotted as a function of incident particle energy. Electron
results appear as open circles and photon data as the open

square. Each elongation value is the average elongation value for
all material thicknesses irradiated at that particle energy.

Error bars on the data are one standard deviation values. The
golid curve drawn through the electron data is used the depict the
trend of the electron data. We observe from tne curve that
material elongation is a slowly varying (decr:asing) function of
increasing electron energy. These clectron data are consistant
with the concept that increasing particle eneigy results in
increasing material damage; i.e., decreasing elongation. It may
be observed that the photon data, the open squarte, dces not track
with the trend determined from the electron data.

Energy deposition in materials from photon irradiations is
primarily the result of recoil electron energy loss in the
irradiated material. The relationship of electron induced
degradation to photon degradation data, based ou the photon recoil
electron energy, is given in Plot B, Figure 5. In Plot B, Figure
5, we have again plotted the electrcn data as the open circles
with the solid curve depicting the trend of that data. The photon
recoil electron data are represented by the square eymbols.

Two recoil electron energies were considered; in one case the
recoil electron energy was estimated on the basis of photon
absorption and total cross sections and in the other on the basis
of a TIGER prediction of the recoil electron distribution within
an EPR sample bombarded with 1.25 MeV photons. The average
electron energy based on photon cross section is 0.58 MeV; and
when the TIGER estimate is used, the average recoil electron
energy is 0.45 MeV.

~13-
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In Plot B, material elongation as a function of electron
energy, based on the cross-section approximation, is plotted
as the closed square. Data plotted on the basis of the TIGER
estimate are depicted by the open square. When the photon
elongation data are plotted as a function of either estimated
recoil electron energy, we observe that the photon induced
degradation data 2re in reasonable agreement with the
electron degradation data. Subsequent photon degradation
data are plotted as a function of the TIGER estimated recoil
electron energy.

Material elongation data, depicting individual thickness
data, are plotted in Figure 6. 1In the figure photon
elongation data have been plotted as a function of the recoil
electron energy estimated on the basis of the TIGER
calculation. Open, closed, and half-open symbols identify
sample thickness as 0.1, 0.15, and 0.2 cm respectively.

Error bars on individual data points are one standard
deviation ecstimates. The solid curve is again an estimate of
the degradation trend as a function of particle energy. With
the exception of the data point at 0.23% MeV and 0.93
elongation (the closed circle, sample thickness = 0.15), all
data were reasonably well-represented by the estimated

trend. We note that the material thickness corresponding to
the suspect data is bound by two sample thicknesses (0.1 and
0.2 cm) with more consistent data points. We intend to
further investigate this apparent anomolous data point in our
(proposed) program designed to study the effects of lower
(below 0.235 MeV) energy electrons.

Tensile strength data, as a function of incident particle
energy, are presented in Figures 7 and 8. The data presented
in Figure 7 have been averaged ove:® all material thicknesses
for each particle energy. Electrors data are depicted by the
open circles, and the photon data #s represented by the
square symbol. Trend of the electéon data is indicated by
the solid curve. The photon data, square symbol, has been
plotted as a function of the Co60 photon recoil electron
average energy, as estimated by the TIGER calculations. We
note that the photon degradation data are in reasonable
agreement with the electron data. The degradation trend,
depicted by the solid curve, suggests that tensile strength
is a slowly increasing function of incident particle energy.
Tensile strength data for all particle energies and each
material thickness are given in Figure 8. Electron data are
depicted by the circles, and photon data is represented by
the square symbol.

3.2 Elongation and Tensile Strength verswus Absorbed Energy

In order to detarmine the trend of energy absorption on
material degradation, elongation and tensile strength data

-16-
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were plotted as a function of energy absorbed in the material
sample. Absorbed energy estimates for the three sample
thicknesses were obtained with the TIGER code and are listed
in Table 2.

Material elongation data as a function of calculated absorbed
energy (Table 2) are plotted in Figure 9. Plotted are data
for all particle energies and material thicknesses. Symbols
are as described earlier with symbol shading being indicative
of material thickness. The solid curve is an estimate of the
trend in elongation as a function of absorbed energy. As may
be observed in the plot elongation, degradation, is a2 weakly
dependent function of absorbed energy per gsample thickness
and (largely) independent of incident particle type and
deposition profile shape.

The tensile strength versus absorbed energy data are
presented in Figure 10. These data are consistent with the
elongation data of Figure 9 in that tensile strength is a
weakly dependent function of absorbed energy and (largely)
independent of both incident particle type and energy
deposition profile shape.

3.3 Elongation and Tensile Strength versus Front Sucrface Dose

Elongation and tensile strength data, as a function of front
gsurface dose, are presented in Figures 11 and 12. Front
surface dose estimates were obtained from an extrapolation of
the TIGER calculations to “"zero" material thickness and are
compiled in Table 3. As in the case of the absorbed energy
presentations, symbol shading is indicative of material
thickness and the solid curve is an estimate of data trend.
From the data presented in Figure 11, we note that elongation
is (weakly) dependent on the extrapolated front surface dose,
decreasing with increasing front surface dose. From

Figure 12 we note that the tensile strength data exhibits a
similar behavior in that tensile strength is (weakly)
dependent on the extrapolated front surface dose. Finally.
neither plot suggests & strong d2pendence on particle type.

3.4 Photon to Electron Relative Effectiveness Estimates

The relative effectiveness of photon and electron radiation
exposures to produce material degradation was estimated on
the basis of the experimental elongation and tensile strength
data. Effectiveness data were derived from the trend
estimates of the various elungation and tensile strength data
and are based on all particle energies and material
thicknesses studied here.
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In Figure 13 the photon (Co®0) to electron effectiveness
ratio derived on the basis of elongation data is presented.
Effectiveness as a function of particle energy, absorbed
energy, and front surface dose is depicted respectively by
the circle, diamond, and triangle symbols. The solid curve
ie the simple average of the three approximations. We note
that the effectivenese ratio is a slowly varying function of
electron energy and lies in the range 1.0 + 0.07 for all
electron energies considered. Relative effectiveness values
derived on the basie of tensile strength data are presented
in Figure 14. These values are in good agreement with those
based on the elongation data and also predict an
effectiveness ratioc that is weakly dependent on electron
energy. The effectiveness ratio estimated on the basis of
tensile strength data is also defined in the band of 1.0 +
0.07 for all electron energies.

4. CONCLUSIONS

As part of a simulator adequacy study, we have begun the study of
the relative effectiveness of electrons and photons in producing
radiation damage in a generic EPR rubber insulation material. The
program was limited in extent in that a single material was used:
however, three material thicknesses were selected so that a
realistic range in insulation thicknesses was used in the study.
The electron beam energies were selected to adequately span the
LOCA estimate of average electron energies. A cobalt-60
irradiator was used to provide the photon irradiations. The study
used 2longation and tensile strength as indicators of radiation
damage. For electron-photon equivalence purposes the damage
indicators--elongation and tensile strength--were then equated to
calculated values of average particle energy, material front
surface dose, and absorbed energy.

Using this techaique, we observed that material damage indicators
were smoothly varying functions of incident electron average
energy, total absorbed energy, and front surface dose. In all
instances photon induced material changed tracked with the
electron values--in agreement with the concept of photon-electron
damage equivalence. Combined electron and photon data demonstrate
that material damage, as indicated by el>ngation and tensi.le
strength changes, is a slowly varying function of particle energy,
absorbed enerqgy, and front surface dose. Material thickness data
indicates that, for the energies and thicknesses considered, the
energy deposition distribution within the samnle is not
significant; rather, damage i a function only of total energy
absorbed. Photon-electron relative effectiveness data, derived
from the analysis of elorgation and tensile strength information,
predicts that photon to 2lectron equivalence is a

R
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linear function of incident electron energy and that incident
particle energy, absorbed energy, and front surface dose are
equally dependable estimations of photon and electron
equivalence. From a practical point of view, front surface dose
measurements may provide the most straightforward method of
comparing electron and photon effects experiments.

Although the equivalence between photon and electron irradiations
has been demonstrated on the basis of these experiments, it ie
believed additional studies are warranted. 1In addition to
considering another, higher integrated dose, we believe the
program shcould be extended tu include at least one other material
formulation as a test to the uniqueness of these results.

Further, lower energy electron beam irradiations should be
considered so that the effects, if any, of energy deposition
profile could be examined further. This effort might establish a
lower, practical limit on the LOCA electron spectrum. Finally, we
are aware that dose-rate effects are influencing the results
presented in this report. It may be observed from Figures 4 and 9
(or 10) that, for a constant detector dose, as electron energy is
increased dose per unit (material) thickness, integrated dose, and
dose rate in the material interior will also increase. From data
not tabulated here, we noted that material response is a sensitive
function of dose-rate, as determined with the detector for
dogse-rates below 2 to 3 Mrad/hr. It is suggested that this dose-
rate dependence results in a decrease in the effectiveness of
higher enerqgy electrons thus flattening the response (as a
function of energy) curves. Although the dose rate used in this
study is representative of LOCA dose ratec, further worX at other
dose rates necessary to more adequately investigate the dose-rate
effects on the effectiveness of higher energy electrons may be
warranted.
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