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ABSTRACT 

The consequences of simulating nuclear reactor loss of coolant accident 
(LOCA) radiation effects with Cobalt-60 gamma ray irradiators have been 
investigated. Based on radiation induced damage in polymer base mate
rials, it was demonstrated that electron/photon induced radiation damage 
could be related on the basis of average absorbed radiation dose. This 
result was used to estimate the relative effectiveness of the mixed 
beta/gamma LOCA and Cobalt-60 radiation environments to damage both bare 
and jacketed polymer base electrical insulation materials. From the 
results obtained, it is concluded that present simulation techniques are 
a conservative method for simulating LOCA radiation effects and that the 
practices have probably substantially overstressed both bare and jacketed 
materials during qualification testing. 
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EXECUTIVE SUMMARY 

This document is the final account of results obtained and conclusions 
formulated on the adequacy of isotopic gamma ray irradiators to simulate 
radiation effects predicted to occur in polymer base electrical insula
tion and jacketing materials exposed to the mixed radiation environment 
accompanying a nuclear reactor loss of coolant accident (LOCA). 

A preponderance of the data for this report was obtained from NRC
sponsored programs carried out at Sandia. The data base for this program 
is extensive. Polymer base materials of several compositions and 
geometries were exposed to both electron beam and Cobalt-60 gamma radia
tion environments. Radiation variables were electron beam energy and 
electron beam and gamma ray integrated dose and dose rate. Damage to 
polymer test specimens was based on changes in material tensile proper
ties, surface hardness, and density. These data were used to establish a 
correlation between electron beam and Cobalt-60 gamma ray induced damage. 
It was demonstrated that gamma ray and electron beam radiation damage 
could be correlated on the basis of absorbed average dose virtually 
independent of radiation type, electron beam energy, and integrated 
radiation dose. 

Degradation data, for slab samples of polymer materials, obtained from 
the laboratory simulations were applied to an estimated LOCA radiation 
environment to determine the adequacy of an isotopic gamma ray irradiator 
to emulate that environment. Based on electron beam and gamma ray 
energies averaged over the LOCA event, the following conclusions emerged. 
In the case of LOCA gamma ray simulation, it appears that the Cobalt-60 
irradiator will adequately simulate the LOCA gamma ray effects in polymer 
base materials. Since beta particle average absorbed dose is strongly 
dependent on sample thickness, it is difficult to make a general state
ment concerning beta particle simulation with Cobalt-60 irradiators for a 
broad spectrum of thickness. Nonetheless, data based on reasonable (1 to 
2 mm) thickness insulation samples predict current simulation practices 
with Cobalt-60 irradiators result in sample overstresses in the range 
between forty and two hundred percent. Based on these data and calcula
tions, Coba1t-60 irradiators reasonably simulate the effects of LOCA 
gamma ray radiation damage. However current beta particle dose deposi
tion simulation in discrete insulation and jacket materials with cobalt 
irradiators probably always results in conservative overtest of samples 
during qualification testing and evaluation. 

Comparable results were obtained for a composite Hypa10n-EPR-copper 
(j acket - insulation- conduc tor) approximation of a cable configuration. 
Response of the cable configuration was considered in order to assess the 
effects of the jacket and conductor components on the dose degradation/ 
enhancement in the insulation region. Depending on the LOCA beta 
spectrum selected, the beta dose in the EPR region was reduced by a 
factor of between two and seven when compared to the dose in the Hypa10n 
(jacket) region. On the other hand, gamma dose to the EPR was enhanced 
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by about twenty percent, by reflection from the copper conductor zone, 
and was independent vf LOCA gamma energy selected. 

Finally, estimated dose to the cable configuration from the combined LOCA 
beta-gamma radiation environment demonstrated that simulation of the LOCA 
environment with a Co-60 irradiator resulted in over test of both the 
jacket and insulation components. The degree of overtest was a factor of 
two for the jacket and a factor of five for the insulation material. As 
in the case of the response of single materials, results indicate that 
Cobalt-60 irradiators will adequately simulate LOCA radiation effects in 
multi-element cable configurations. However the results indicate present 
practices will probably result in over test of both single and multiple 
element configurations. 
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1.0 INTRODUCTION 

For some time we have been investigating the effects of electron beam and 
Coba1 t- 60 radiation environments on the properties of polymer base 
electrical insulation and jacketing materials. The immediate purpose of 
these investigations was to determine if an isotopic gamma ray source 
could be used to simulate the radiation damage observed to occur in 
polymer base rubbers subjected to electron beam bombardment. The ulti
mate goal of this research was to determine the adequacy of isotopic 
gamma ray irradiators, primarily Cobalt-60 facilities, to simulate the 
radiation damage predicted to occur in safety related items exposed to 
loss of coolant accident (LOCA) radiation environments. 

During the course of this research project, we investigated the effects 
of both energy1, 2,3,4 and chargeS deposition on material response! 
degradation. The primary focus of this document, however, is limited to 
reporting the effects of electron/photon energy deposition in polymer 
base materials. Specifically, it is the intent to demonstrate the link 
between observed electron and photon induced material response and radia
tion exposure dose and how these results may be applied to adequately 
simulate LOCA mixed radiation environments with isotopic (Cobalt-60) 
gamma ray irradiators. During this program many parameters and their 
effect on observed radiation damage were considered. For example, the 
effects of both material and radiation parameters were investigated. 
Material properties considered were composition, geometry, and thickness. 
Important radiation parameters were electron beam energy and integrated 
electron beam and gamma ray exposure dose and dose rate. In the main, 
consistent results were obtained independent of particle type, material 
geometry and composition, and radiation parameters. Although the pre
ponderance of data were obtained for ethylene propylene (EPR) rubber in 
slab configuration, results from those studies will be used to demon
strate the correspondence between material response and radiation type! 
integrated dose for both EPR slab and Hypalon-EPR-Copper composite 
configurations. 

In what follows, the radiation facilities including dosimetry methods 
will be briefly described. Also, material test and analysis techniques 
will be discussed. Methods of relating electron beam and Coba1t-60 gamma 
ray exposure dose data will be explained. Experimental data obtained 
from slab geometry will be used throughout. These slab degradation data 
will then be used in conjunction with calculated LOCA radiation 
environment estimates 6 to demonstrate equivalence/effectiveness of 
Cobalt-60 irradiators versus the mixed LOCA radiation environments to 
induce damage in polymer base electrical insulation and jacket materials. 
This should address the question of the ability of Coba1t-60 gamma ray 
irradiators to simulate the complex LOCA radiation environment for 
qualification testing of safety-related systems and components. 
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2.0 TEST METHODS 

2.1 Irradiation Facilities 

The radiation facilities used in these experiments were a variable 
voltage, variable current electron beam generator (a National Electro
statics PELLETRON) and a Cobalt-60 gamma ray irradiator. The PELLETRON 
electron beam generator current and voltage capabilities were of suf
ficient magnitude so that the range of LOCA beta particle energies and 
dose rates were easily achieved (beam energies between 0.04 and 1.0 MeV 
and dose rates up to 80 Gy.s-l (29 Mrad.hr- l ) at the target plane). 
Since all irradiations were obtained in air, at ambient conditions, the 
electron beam was extracted from the accelerator through a thin beryllium 
window and then transported in air to the sample holder. In order to 
achieve uniform exposures across the test specimens, the electron beam 
was deflected into a square pattern with a pair of orthogonal magnetic 
deflection coils mounted ins ide the accelerator assembly. Additional 
beam dispersion was obtained as the beam traversed the air gap separating 
the accelerator assembly from the sample target holder. A more detailed 
description of the facility is contained in Reference 7. 

The gamma irradiation facility (GIF) consists of a dry (ambient air) 
irradiation cell positioned over a water shielding pool containing the 
Cobalt-60 array. The array is permanently affixed to an elevator so that 
it may be raised into the irradiation cellon demand. Gamma dose rate, 
at the target plane, may be adjusted by either varying the source to 
target distance or reconfiguring the source array. Source array recon
figuration may consist of changing source array dimensions or number of 
source pencils in the array. Using these techniques, the gamma dose rate 
is variable over a wide range with maximum dose rates on the order of 
8.3 Gy.s-l (3.0 Mrad.hr- l ) achievable. 

2.2 Dosimetry Methods 

Prior to irradiating any test specimens, both the GIF and PELLETRON 
radiation fields were characterized on the basis of exposure dose rate 
and radiation field uniformity. In addition, the PELLETRON output was 
further characterized as a function of electron beam energy. Beam 
uniformity and dose rate measurements were obtained by means of thin 
poly(halo)styrene film. The film responds in a predictable manner to 
absorbed radiation with the buildup of narrow absorption peaks in the 
visible (light) spectrum. Film thickness, .005 cm, was sufficiently thin 
so as to preclude appreciable perturbation to the radiation fields. 
Lateral dimensions of the film were comparable to that of the rubber test 
specimens. Thus, detailed spatial dose distributions in the target plane 
were always acquired. Before using, the thin dosimetry film was char
acterized on a Cobalt-60 source calibration range. Calibration of the 
poly(halo)styrene was based on dose determinations obtained with an NBS 
traceable air ionization chamber so that the film calibration-history is 
also NBS traceable. 
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2.3 Test Specimen Analysis 

Changes in material properties of irradiated test specimens were used as 
a measure of radiation induced degradation. Parameters analyzed for 
change were tensile properties, Shore A hardness, and density. Measured 
changes in surface hardness and density, as functions of integrated 
radiation exposure dose, were sufficiently small so as to preclude their 
use as indicators of radiation degradation. Hence, the tensile proper
ties, elongation at break and ultimate tensile strength, were relied on 
as indicators of radiation damage. Tensile data were obtained with an 
Instron Model 1000 tensile test machine coupled to an electrical tape 
extensometer which was clamped to the test specimen. All tensile data 
were then normalized on the basis of unirradiated material response. 
Examination of the test data revealed that, of the two, elongation at 
break was much more sensitive to radiation exposure than ultimate tensile 
strength. On the basis of sensitivity, more reliance was placed on the 
elongation results. 

The relationship between observed material degradation and measured 
electron/photon radiation exposure dose is considered in terms of the 
Bragg-Gray cavity detector which is based on the Bragg-Gray cavity 
theorem for gamma ray dosimetry. The theorem states that the gamma dose 
in a large absorbing medium may be determined from the energy deposited 
by recoil electrons in a small non-perturbing (detector) volume intro
duced into the absorbing medium provided certain conditions are satis
fied. If the conditions are met, the gamma dose to the surrounding 
medium is determined from the (gamma) recoil electron dose in the 
detector volume and electron stopping power data for the two media. If 
the same conditions are met it follows that the inverse is also true, 
i.e., beta dose can be simulated by gamma ray exposures. Of particular 
importance is the condition that both the gamma fluence and recoil 
electron distribution not be perturbed in the detecting/absorbing media. 
For material thicknesses common in nuclear power plant electrical insula
tion and jacket applications, attenuation of the gamma fluence will not 
occur whereas uniform electron beam fluence (therefore dose) throughout 
the insulation and jacket media is highly unlikely for most electron 
energy distributions. Examples of typical energy deposition distribu
tions for monoenergetic electrons and Cobalt-60 photons in a polymer 
material are presented in Figure 1. Since these electron energies span 
those of LOCA spectra, LOCA beta energy deposition in polymer insulation 
and jacket material will not be uniform. Nonetheless we proposed, and 
experimentally verified, that beta-gamma radiation damage equivalence 
could be based on absorbed dose averaged across the (irradiated) specimen 
thickness. 

In view of the above, tensile data are presented on the basis of absorbed 
radiation dose for both electron beam and Cobalt-60 exposures. Absorbed 
dose estimates were obtained with the coupled electron/photon Monte Carlo 
transport code TIGER. 8 Absorbed dose estimates were obtained for each 
sample thickness and electron beam energy as well as 1.25 MeV Cobalt-60 
gamma rays. Included in the calculations were allowances for beam energy 
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degradation and direction change due to transport through the air gap, 
beryllium window, cobalt cladding, etc. 

In addition to the energy deposition calculations for test materials, 
similar absorbed dose estimates were obtained for the thin film dosimetry 
material. Energy deposition data for the detector material were used to 
normalize the calculated dose results obtained for the test materials. 
These indices, calculated material dose/calculated detector dose can be 
used to estimate specimen absorbed dose from measured or calculated 
radiation environments. A summary of the TIGER calculations are pre
sented in the following table, Table 1, for all material thicknesses and 
beam energies. 

Table 1 

Absorbed Radiation Dose Estimates 

Absorbed Dose/Exposure Dose 
Electron/gamma Energy Material Thickness 

MeV 1.0 mm 1.5 mm 2.0 mm 

0.045 e- 0.122 0.081 0.061 
0.183 e- 0.42 0.28 0.21 
0.31 e 0.66 0.44 0.33 
0.50 e- 1.10 0.85 0.63 
0.85 e- 1.50 1.45 1. 38 
1. 25 'Y 0.92 0.92 1.01 

In the table, beam energies (column 1) are those calculated at the 
surface of the target area and the tabulated absorbed doses have been 
averaged over the material thickness. Energy deposition profiles 
companion to the data of Table 1 are presented in Figure 1. From the 
figure it may be observed that the ideal condition that describes Bragg
Gray cavities--no beam perturbation across the cavity--cannot be inferred 
from the electron beam energy deposition profiles. 

3.0 RESULTS 

3.1 Elongation Results 

Material response for the three thicknesses of EPR slab material is 
presented in Figure 2. In the figure, normalized elongation is plotted 
as a function of absorbed radiation dose for a fixed exposure dose rate 
of 5.6 GY's-l (2 Mrad.hr- l ). The solid curve appearing in the plot is a 
best fit to the electron beam deposition data. The data plot has two 
notable characteristics. First, the electron beam degradation data 
exhibits a reasonable trend over the entire range of electron beam 
energies and target material thicknesses. The plot supports the validity 
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of basing observed radiation degradation on average absorbed radiation 
dose for a wide range of electron beam energies and absorbed dose 
distributions in the irradiated polymer. Second, consider the Cobalt-60 
radiation induced damage depicted in the plot by the open. and closed 
square symbols. As may be observed the Cobalt-60 degradation data track 
well with the electron beam results over the entire range of material 
thicknesses and absorbed radiation doses. These degradation data are 
strong evidence that electron/photon radiation damage can be related on 
the basis of absorbed radiation dose. 

The low energy electron behavior prompted further experimental study. 
From Table 1 it is noted that absorbed radiation dose is strongly 
dependent on electron beam energy and from Figure 1 we observe that beam 
penetration depth is also particle energy dependent. Hence the object of 
this additional experi.ment was to determine if the decrease in observed 
degradation was a function of decreased electron penetration or decreased 
energy deposition per particle. In generating Figure 2 we have assumed 
that polymer degradation caused by energetic electrons can be determined 
by averaging the electron absorbed energy across the dimensions of the 
specimen. However, at some point, the electron energy may be suf
ficiently low that its penetration depth into the specimen may be limited 
to the specimen surface region. For these low energies, our analysis 
model may not be appropriate. 

To assess the cutoff energy, below which one cannot assume that degrada
tion is caused by average absorbed energy, we performed the following 
experiment. For a cons tant specimen thickness (1.5 mm) we exposed two 
specimens to the same low energy electron beam. One specimen, however, 
was irradiated to twice the (air) exposure dose as the other. We then 
examined the degradation of both specimens. If the specimen degradation 
were dependent on the average absorbed dose, then the specimen receiving 
the larger exposure should exhibit a greater degradation than the other 
specimen and its observed response should track with the data of Fig
ure 2. If however, the degradation were penetration limited, then no 
difference in material degradation between the slabs should be detected. 

This experiment was repeated for several beam energies in the low 
electron energy region. Figure 3 depicts the experimental results. 
Although uncertainties in the data are large, it is estimated that for 
electron energies greater than about 0.18 MeV and sample thicknesses of 
1.5 mm, our assumption that polymer degradation can be related on the 
basis of average absorbed dose is correct. 

3.2 Tensile Strength Results 

Ultimate tensile strength results are presented in Figure 4. In the 
figure, ultimate tensile strength is plotted as a function of average 
absorbed dose. The solid curve is a best fit to the data. From the data 
it is noted that, for the material used in this study, change in tensile 
strength is not strongly dependent on absorbed dose. For that reason 
tensile strength was not used in the beta/gamma equivalence analyses 
presented here. 
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3.3 Experimental Results Applied to Beta/Gamma Equivalence 

First consider the response of an EPR slab. Use is made of calculated9 
LOCA beta and gamma ray spectra in conjunction with estimates6 of beta 
and gamma integrated dose time histories to obtain suitable average 
energies for this application. Examples of these data from the 
references are presented in Figures 5, 6, and 7. In Figure 5 the average 
beta particle energy is plotted as a function of elapsed time from 
release. Average beta energies were obtained by averaging beta particle 
number spectra (N(E», at selected elapsed times from release, over the 
appropriate energy limits (IE N(E) dEIIN(E) dE). 

It is of interest to note that the electron beam energies used in the 
effects experiments reasonably well span the range of average energies, 
between about 1.0 and 0.3 MeV, calculated for the LOCA release. 
Comparable LOCA gamma ray data are presented in Figure 6. From the 
figure it may be noted that average gamma ray energies are mainly in the 
range between 1.0 and 0.4 MeV. Beta and gamma ray integrated exposure 
doses are plotted as a function of elapsed time from release in Figure 7. 
From the figures it is observed that beta particle and gamma ray average 
energies are rather low. For this exercise beta particle and gamma ray 
average energies at twelve hours following release were assumed to be 
typical for the entire LOCA event. At this elapsed time the accumulated 
radiation exposure dose is about 1 MGy (100 Mrad) , the average beta 
energy is approximately 0.3 MeV, and the average gamma energy is about 
0.5 MeV. 

Next consider the consequences of using Cobalt-60 gamma rays to simulate 
(average energy) LOCA beta and gamma rays. The suitability of using 
Cobalt-60 to simulate LOCA gamma environments is investigated first. For 
this exercise, we consider the equilibrium gamma dose (energy deposi
tion = energy absorption) estimates to be adequate. In the following 
table the EPR gamma dose is tabulated as a function of gamma ray energy. 
As discussed earlier, the absorbed dose estimates have been normalized on 
the basis of detector response (detector response = exposure dose). The 
tabulated dose estimates span the range of energies estimated for the 
LOCA gamma environment as well as Cobalt-60. 

Table 2 

Gamma Ray Absorbed Dose Estimates 

Gamma Energx MeV 

0.3 
0.5 
0.6 
0.9 
1.25 

12 

Absorbed Dose/Exposure Dose 

1. 28 
1.06 
1.03 
1.06 
1.05 
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Over the range of energies considered, it is noted that the detector 
response consistently underestimates the equilibrium EPR response by 
about five percent except at the lowest energy considered where the dose 
to the EPR is underestimated by about thirty percent. At the lowest 
energy considered, high atomic number additives in the EPR and not 
present in the detector composition become a dominant component in the 
EPR energy absorption. Thus based on an average LOCA gamma energy of 
about 0.5 MeV, the tabulated results predict that Cobalt-60 simulation of 
the LOCA gamma environment would result in understress of about five 
percent. However the spectra used to estimate LOCA average gamma 
energies all contain a low energy component in the range of 0.3 MeV. 
When the effects of this low energy component is used to modify the 
results obtained at 0.5 MeV, the understress is increased from five to 
approximately nine percent. 

Simulation of beta radiation with gamma irradiators is now considered. 
First attention is directed to the behavior of the average LOCA beta 
environment energy as a function of elapsed time from release as depicted 
in Figure 5. From the figure, the average beta particle energy ranges 
from a maximum of about 1. 0 MeV, at the onset of release, to approxi
mately 0.3 MeV at more than twelve hours into the LOCA event. Next 
examine the absorbed radiation results given in Table 1. In the table 
note that energy absorption is dependent on both beam energy and sample 
thickness. This suggests that no single universal gamma to beta damage 
equivalent conversion factor can be identified. Rather consider the 
following approach. Assume that the beta energy at 12 hours, 0.3 MeV, is 
a good approximation for energy deposition for all times. Reexamination 
of Table I reveals that at 0.3 MeV normalized absorbed dose ranges 
between 0.66 and 0.33 depending on material thickness whereas, again from 
the table, normalized energy deposition resulting from Coba1t-60 exposure 
is approximately unity and independent of sample thickness. It it is 
acknowledged that the thicknesses given in the table are representative 
of typical insulation and jacket applications then clearly Cobalt-60 
irradiation of insulation and jacket specimens will result in overtesting 
of the materials, as indicated by changes in tensile properties, in the 
range between 40 and 200 percent. Thinner materials would undergo less 
over exposure and correspondingly, thicker materials would be subjected 
to increasing over stressing. 

We now consider a composite cable construction with both insulation and 
jacket materials and overlaying a copper conductor. Reasons for examin
ing this configuration are twofold. First, it is of interest to deter
mine the shielding effects, if any, the jacket may have on the underlying 
insulation and second, the dose enhancement to the insulation from 
radiation reflected by the copper conductor should be included in the 
insulation total dose. Having demonstrated, experimentally, the 
equivalence of electron and photon radiation damage on the basis of 
absorbed radiation dose, the response of a jacket-insu1ation-copper 
composite was estimated. For this demonstration the dose distribution in 
a Hypalon-EPR-copper composite was calculated using the TIGERS code. 
Dimensions (thicknesses) of the Hypalon and EPR were identical to those 
of a jacketed three conductor qualified control cable sample. Hypa1on, 
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EPR, and copper thicknesses were 1.7 mm, .88 mm, and 1.0 mm respectively. 
In order to assess the effects of high energy, penetrating electrons on 
the underlying insulation, LOCA beta spectra were used in the calcula
tions rather than monoenergetic approximations to the spectra. Four beta 
spectra were used in the calculations and spanned the hardest (one minute 
following release) and softest (four days after release) spectra calcu
lated for the LOCA event. The results of these calculations are 
presented in Figure 8 and in Table 3. In the figure, absorbed dose (per 
unit exposure dose) as a function of penetration depth is plotted for the 
four LOCA beta spectra. Dose deposition in the conductor region was 
included in the calculation but not presented in the figure. Of interest 
here is the relatively uniform dose distribution and low absorbed dose in 
the insulation region. 

Table 3 is a presentation of absorbed dose average values tabulated as a 
function of LOCA beta spectra. 

Table 3 

Beta Absorbed Dose: Hypalon-EPR-Copper Composite 

Accumulated Dose Absorbed Dose/Exposure Dose 
Spectrum kGy (Mrad) Hypalon EPR Cu 

1 minute 10 ( 1) .789 .572 .093 
1 hour 100 ( 10) .470 .170 .020 

12 hour 1000 ( 100) .376 .058 .003 
4 day 2000 ( 200) .325 .048 .002 

In the table, spectra denotations are indicative of elapsed time from 
LOCA release and the dose tabulations are exposure doses accumulated up 
to those times. Of interest here is the shielding effectiveness of the 
Hypalon jacket particularly at the later release times when the pre
ponderance of exposure dose is accumulated. During those advanced 
elapsed times from release (greater than one hour) the absorbed dose 
ratio of the Hypalon and EPR ranges between about two and seven. Ratios 
of this magnitude suggest that radiation testing of jacketed insulation 
materials may have resulted in severe overtest of the insulation 
component. 

Response of the cable composite to a LOCA gamma environment is now 
considered. The cable response to monoenergetic gamma ray environments, 
with energies spanning those predicted9 for the LOCA event, were esti
mated with the TIGER code. Results of these calculations are tabulated 
in Table 4 where average absorbed dose for each cable component is tabu
lated as a function of gamma ray energy. To include the effects of air 
on photon transport and to provide a measure of dose equilibrium for the 
Hypalon, alSO cm air-slab was positioned in front of the Hypalon jacket 
component. As may be noted response of the air slab is included in the 
tabulation. 
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Table 4 

Gamma Absorbed Dose: Hypalon-EPR-Copper Composite 

Gamma Energy Absorbed Dose/Exposure Dose 
MeV Air Hypalon EPR Cu 

l. 25 .417 .970 l.20 .950 
0.90 .648 .988 l.30 l.02 
0.60 .801 .990 l.27 .92 
0.30 .989 l.080 l. 30 l.32 

Several items in the table deserve mention. First, the EPR and Hypalon 
are sufficiently equilibrated to assure their average absorbed doses are 
independent of the incident gamma ray energy. Second, energy reflected 
from the copper conductor into the EPR insulation is responsible for an 
EPR dose enhancement of approximately 25 percent. If it is accepted that 
exposed cable composites will be in equilibrium with the surrounding air 
or other environment, then Cobalt-60 will adequately simulate the LOCA 
gamma ray environment. 

The beta and gamma environments have been treated as separate entities. 
For total absorbed dose estimates, we consider them in combination. The 
beta/gamma LOCA exposure dose ratio obtained from references 6 and 9 is 
equal to approximately 7.5. This ratio predicts that 0.88 of the total 
exposure dose is due to beta radiation and the remaining fraction (.12) 
is the gamma contribution. In terms of a 2000 kGy (200 Mrad) LOCA radia
tion exposure, 1760 kGy (176 Mrad) would be due to beta radiation and 
240 kGy (24 Mrad) would be due to gamma radiation. We use these results 
in combination with the beta and gamma absorption data for composites 
(Tables 3 and 4) and some crude averaging to obtain absorbed LOCA dose 
estimates for the composite Hypalon EPRconfiguration. The results of 
these estimations are presented in Table 5. 

Table 5 

LOCA Absorbed Dose Estimates for a Hypalon-EPR-Copper Composite 

Material 

Hypalon 
EPR 

*Ratio 

LOCA Dose Simulator 
Beta Dose Gamma Dose Cobalt-60 Dose 

kGy kGy kGy 

710 (71) 240 (24) 2000 (200) 
183 (18) 290 (29) 2400 (240) 

Co-60 Dose/(Beta Dose + Gamma Dose) 
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In the table, the numbers appearing in the parenthes is following each 
dose entry are the dose equivalents in units of megarads. Beta and gamma 
doses to the materials are listed separately. In addition to the LOCA 
beta and gamma dose estimates, Cobalt-60 simulation doses for the two 
cable components are tabulated. The ratio values are a measure of the 
fidelity of current radiation simulation practices to reproduce the doses 
in cable components exposed to a LOCA radiation environment. The results 
of our experiments and calculations, as summarized in Table 5, indicate 
present radiation simulation practices probably result in overtest of 
cable components by factors between two and five. 

4.0 DISCUSSION AND CONCLUSIONS 

This study was initiated to determine the adequacy of isotopic gamma ray 
irradiators to simulate radiation damage predicted to occur in safety 
related polymer base materials and components exposed to a LOCA mixed 
radiation environment. A series of experiments has been performed to 
investigate the validity of simulating LOCA radiation environments with 
(isotopic) Cobalt-60 irradiators and to identify the link between 
observed material damage and radiation type. In these studies, 1,2,3,4 
radiation damage, in polymer base electrical insulation and jacket 
materials, resulting from electron beam and Cobalt-60 gamma ray exposures 
was investigated to determine which parameters, if any, linked observed 
radiation damage and radiation type. Investigated were radiation 
response as a function of material composition and geometry, radiation 
dose, and radiation type and energy. Changes in elongation at break and 
ul tima te tens ile stress were used as measures of radia tion- induced 
response. 

Several radiation parameters were investigated for adequacy as links 
between observed material damage and radiation environments. Based on 
dosimetry considerations, the logical link between radiation damage and 
radiation type is, with provisos, average absorbed radiation dose. 
Briefly in most gamma ray detection systems, detector response is the 
resul t of slowing down and stopping recoil electrons in the detector 
volume. Because of gamma ray penetrability, the distribution of recoil 
electrons in the detector volume is a good approximation independent of 
position in the detector. Obviously this is not the case for materials 
irradiated with electron beams. Hence the factors limiting electron! 
photon damage equivalence are either sample thickness or electron beam 
energy. 

Electron beam and Cobalt-60 gamma ray induced damage in several material 
compositions and geometry tracked well, reasonably independent of 
electron beam energy, when plotted as a function of averaged absorbed 
radiation dose. Results of a study to determine a low electron beam 
energy cutoff were encouraging. Data from this study predicted electron! 
photon damage equivalence even in instances where electron range in 
samples was on the order of one third the sample thickness. 

The effect of radiation damage equivalence, based on absorbed radiation 
dose, on simulating LOCA radiation environments was estimated on the 
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basis of a LOCA radiation environment defined by Bonzon. 6,9 Using 
averaged values for the LOCA environment, the adequacy of a Cobalt-60 
irradiator to simulate both the beta and gamma LOCA radiation environ
ments was estimated. Based on the estimates, it was calculated that for 
gamma rays current practices probably under stress test specimens by a 
few percent. In the case of beta particle simulation, however, current 
practices result in routine overstress of test specimens. Since energy 
deposition from electron transport in materials is material thickness/ 
electron energy dependent, it is not possible to generalize conclusions 
as in the case of gamma ray deposition. However if the range of sample 
thicknesses used in this investigation is considered typical for most 
insulation and jacket applications then accepted radiation simulation 
practices overstress test specimens in a range with limits between 40 and 
200 percent. 

In the examples cited thus far, the insulation and jacket were not 
considered as a composite and thus the perturbing effects of adj acent 
cable components on radiation transmission, absorption, and reflection 
could not be assessed. When considering beta radiation these effects 
could be appreciable. We addressed these problems by investigating the 
response of a Hypalon-EPR-cppper composite configuration with dimensions 
similar to those of a qualified cable sample. The response of this 
configuration to representative LOCA beta spectra and gamma rays was 
estimated with the TIGER code. Dose estimates for the composite, based 
on experimental results and calculations, were consistent with those 
obtained for components but modified to a degree by the effects of inter
action between the cable components. The most notable effects were 
shielding of the insulation component (EPR) by the Hypalon jacket 
component and enhancement of the EPR gamma dose by reflection from the 
copper conductor. 

Resul ts for the composite predict that conventional LOCA radiation 
simulation testing of jacketed cable components will overstress jacket 
and insulation materials by factors of two and five respectively. 

Nonetheless, based on the experimental results obtained, it is concluded 
that Cobalt-60 irradiators represent a conservative method for simulating 
the LOCA mixed radiation environments. Polymer base insulation and 
jacket materials probably have been substantially over stressed during 
qualification testing. These conclusions are clearly applicable to 2 MGy 
(200 Mrad) exposures; but, since jacket protection of the insulation 
cannot be assured at higher dose levels, they may be inappropriate to 10 
MGy (1000 Mrad) exposures. 
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