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ABSTRACT

This report was compiled at the Hanford Engineering
Development Laboratory operated by Westinghouse Hanford Company
a subsidiary of Westinghouse Electric Corporation, for tke
United States Department of Energuy, Nuclear Reculatory Commission,
under DOE contract number EY-76-C-14-2170 and NRC service reguest
number TV-0176. It - scribes progress made in the Light Water
Reactor Pressure Vet.sel Irradiation Surveillance Dosimetry Program
during the rer-.cing period.
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FOREWORD

The light water reactor pressure vessel (LWR-PV) surveillance dosimetry
program has been established by NRC in recognition of the importance of
improving, maintaining, and standardizing neutron dosimetry, damage
correlation, and the associated reactor analysis procedures used for
predicting the integrated effect of neutron exposure to LWR pressure
vessels. A vigorous research effort attacking the same measurement and
analysis problems yoes forward worldwide, and strong cooperative links
between the NRC supported activities at HEDL, ORNL, and NBS and those
supported by CEN/SCK (Mol, Belgium), EPRI (Palo Alto, USA), KFA (Jilich,
Germany) and several U. K. laboratories have been established The major
benefit of this program will be a significant improvem it in the accuracy of
the assessment of the remaining safe operating lifetime of light water
reactor pressure vessel.

The primary objective cf the multi-laboratory program is to prepare an
updated and improved set of dosimetry, damage correlation, and associated
reactor analysis ASTM Standards for LWR-PV irradiation surveillance programs.
Supporting this objective are a series of analytical and experimental vali-
gation and calibration studies in "Standard, Reference, and Controlled
Enviromment Benchmark Fields," reactor "Test Regions," and operating power
reactor "Surveillance Positions."

These studies will establish and certify the precision and accuracy of the
measurement and predictive methods which are recommended for use in the ASTM
Standards. Consistent and accurate measurement and data analysis techniques
and methods, therefore, will have been feveloped and validated along with
guidelines for required neutron field calculations that are used to corre-
late changes in material properties with the characteristics of the neutron
radiation field. It is expected that the application of the established
ASTM Standards will permit the reporting of measured materials property
changes and neutron exposures to an accuracy and precision within bounds of
10 to 30%, depending on the meacured metallurgical variable and neutron
environment. ‘



The assessment of the radiation-induced degradation of material properties
in a power reactor pressure vessel requires accurate definition of the
neutron field from the outer region of the reactor core to the suter bound-
aries of the pressure vessel. Problems with measuring neutron flux and
spectrum are associated with two distinct components of LWR-PV irradiation
surveillance procedures: (1) proper application of calculational estimates
of the neutron fluence delivered to the first half-thickness of the vessel
steel; and (2) understanding the relationship between pressure vessel
material property changes and the metallurigcal test specimens irradiated in
test reactors and at accelerated neutron flux positions in operating power
reactors.

The first component requires validation and calibration experiments in a
variety of neutron irradiation test facilities including LWR-PV mock-ups,
power reactor surveillance positions, and related benchmark neutron fields.
The benchmarks serve as a permanent measurement reference for neutron flux
and fluence detection techniyues, which are continually under development
and widely applied by laboratories with different levels of capability. The
second component requires a serious extrapolation of an observed neutron-
induced mechanical property change from test reactor “"test regions" and
operating power reactor “surveillance positions" to locations inside the
body of the pressure vessel wall. The neutron flux at the vessel is up to
one order of magnitude lower than at surveillance specimen positions and up
to two orders of magnitude lower for test reactor positions. Furthermore,
the neutron spectrum at the surface and within the \2ssel is substantiaily
altered.

In order to meet the reactor pressure vessel radiation monitoring require-
ments, a variety of neutron flux and fluence detectors are employed, most of
which are passive. Each detector must be validated for application to the
higher flux and harder neutron spectrum of the test reactor “test region"
and to the lower flux and degraded neutron spectrum at “surveillance posi-
tions". Required detectors must respond to neutrons of various energies so
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thai multigroup spectra can be determined with accuracy sufficient for ade-
quate damage response estimates. Proposed detectors for the program include
radiometric detectors. *.lium accumulation fluence mg itors, and solid state
track recorders.

The necessity for pressure vessel mock-up facilities for dosimetry investi-
gations and for irradiation of metallurgical specimens was recognized early

in the formation of the NRC program. Experimental studiec associated with
high and Tow flux versions of a PWR pressure vessel mock-up have begun. As
specialized benchmarks, these facilities will provide well-characterized
neutron environments where active and passive neutron dosimetry, various types
of LWR-PV neutron field calculations, and temperature-controlled metal damage
exposure are brought together.

The results of the measurement and calculational strategies outlined here will
be made available for use by the nuclear industry as ASTM Standards. Federal
Regulation 10CFR50 already calls for adherence to several ASTM Standards which
require incorporation of flux monitors and post-irradiation evaluation in LWR-
PV irradiation surveillance. Revised and new standards in preparation will be
carefully structured to be up-to-date, flexible, and, above all, consistent.
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SUMMARYY
Hanford Engineering Development Laboratory
(HEDL)

Forty continuous gamma-ray spectra were obtained from the scoping measure-
ments made in the Poolside Critical Assembly facility at ORNL. Measurements
were made at five radial distances From the PCA surface, at two different
axial levels, with and without reactor power, and with two different phys-
ical configurations. The two configurations were (1) with the pressure
vessel wall simulator and thermal shield both in place, and {2) with both
these items removed. Preliminary gamma dose rates have been computed. The
detection system and associated electronic and data acquisition systems seem
adequate for gamma-ray spectrometry scoping measurements.

Solid State Track Reccrders have been prepared for irradiation in the Brown's
Ferry 3 (BF3) and McGuire I reactors. Developmental work is proceeding in
the adaptation of electroj'ating techniques for production of deposits.

These techniques have been used to prepare deposits of Th, U, Np, and Pu.
Mass analysis of the deposits has been initiated. It has been found pos-
sible to achieve deviations from uniformity of less than five percent.

Additional work has been done in analyzing the relationship between the
irradiation induced shift in nil ductility temperature and chemical com-
position, The embrittlement coefficients for the elements have been
tabulated in terms of weight percent of the elements and additional sta-
tistical tests have been made on the statistical significance of the various
coefficients.

Oak Ridge National Laboratory
(ORNL)

Design, fabrication and preparation are continuing in the preparation of the
Pool Critical Assembly Pressure Vessel Wall Benchmark Facility for dosimetry
experiments, Work performed this quarter included design of free-field mea-
surement facilities, a fission chamber tube for run-to-run normalization,
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core m?nyina rigs, and a lead thermal shield. Analyses and documentation of
the adequacy of the structural capabilities of the PCA facil ty were com-
pleted by ORNL General Engineering.

Assembly. layout work and detailed design of the ORR experiment facility are
85% complete. The Quality Assurance Program Plan for both the PCA an PSF
have been completed and approved by the management. Uesign support neutron
transport calculations have been made to evaluate design variations involv-
ing (1) sandwiching test specimens between copper plates, and (2) placing a
set of test specimens directly behind the thermal shield. These variations
were found to cause acceptably small changes in the spatial and spectral
characteristics of the neutron flux.

Orawings of the Instrumented Irradiation Capsule which simulates the pres-
sure vessel wall are about 50% complete. Two dimensional heat flow models
have been developed for analyses of the simulated pressure vessel wall and
the surveillance specimen capsule.

Rockwell international Energy Systems Group
(RIES)

Preliminary results are given for helium analyses of boron and lithium
Helium Accumulation Fluence Monitors (HAFMs) irradiated in the Fission
Cavity of the BR1 reactor at Mol, Belgium, The results have not yet been
corected for neutron self-shielding or flux gradients. A total of 113
HAFMs have been prepared and shipped for inclusion in irradiations to be
conducted in core and reflector positions of the FRJ-1 and FRJ-2 reactors
in Julich, West Germany, The results will be compared with data from HEDL
and CEN/SCK dosimeters irradiated simultaneously at the same locations.

S-2






HEDL-3
A. CONTINUOUS GAMMA-RAY SPECTROMETRY SCOPING MEASUREMENTS AT THE PCA

Raymond Gold
Tang Chiao
Bruce J. Kaiser

Objective

To obtain continuous gamma-ray spectral and gamma dose rate scoping mea-
surements in the Poolside Critical Assersly (PCA) at Oak R%dge National
Laboratory (ORNL).

Summary

Forty continuous gamma-ray spectra were obtained from the scoping measure-
ments made in the Poolside Critical Assemby (PCA) facility at ORNL. These
spectra were taken at five different distances from the PCA surface and at
two different axial levels both with and without reactor power. Measure-
ments were performed in two different environments:

Pt
-

In-Situ - the low power pressure vessel mockup at the PCA, including the
thermal shield and pressure vessel simulator.

2. Free Field - the unperturbed water environment without the presence of
the thermal shield and pressure vessel simulator.

After initial data analysis, the sources of thc gamma-rays were studied and
identified, and the preliminary gamma dose rates were computed. As a result
of these efforts, it was determined that:

1. The detection system performed quite adequatelv. rowever, the associ-
ated cooling system must be improved in order to bettzr maintain the
required low detector temperature in the relatively hot ~399C, PCA
environment.

515 192
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2. The electronic and the data acquisition systems used for gamma spectro-
metry were acceptable.

2. Preliminary data analysis techniques are adequate. However, results to
date are orly preliminary, and systematic corrections must be determined

and applied to the raw data to reduce the uncertainty of the results.

Accomplishments and Status

Introduction

The radiation ficld of the pressure vessel of a light water reactor is com-
plicated, consisting principally of neutrons and gamma-rays. Tc understand
and define this compiex radiation field is a major task of fie LWR Pressure
Vessel Irradiation Surveillance Dosimetry Program. Various methods have
been developed to measure and define the neutron field to this program. In
this work, Compton Recoil Gamma-Ray Spectroscopy (CGS) developed by Gold(l’

has been employed for the measurement of the continuous gamma-ray component
of this mixed radiation field and for determining the ab. > gamma dose
rates.

Measurement of this gamma-ray component is important, not only as the major
radiation constituent of a reactor field, but also provides for further stud-
ies of the interdependent relationship between the neutron and the gamma-ray
components of a power reactor envirunment. The measurement of the contin-
uous gamma-ray spectrum is of special interest to the LWR-PV Irradiation
Surveillance Dosimetry Program, because the design and the development of

the Pool Side Facility (PSF) requires information regarding gamma heating.
The results from these measurements will provide this needec¢ information.

Detector, Electronic Instrumentation and Data Acquisition System

A high resolution lithium drifted silicon solid state detector [Si(Li) de-
tectoﬁ] was used in this work. Rather than the customary application of
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The electronic instrumentation system is depicted in Figure HEDL-4 in block
diagram form. The signal from the ORTEC research amplifier was fed into an
ORTEC 552 pulse shape analyzer. The pulse shape analyzer generates two fast
negative pulses for each input sigral. The time difference between the two
fast negative pulses depends on the input pulse shape. Therefore, using
these two negative pulses as the starting and stopping pulses of an ORTEC
467 tima-to-amplitude converter (TAC), different input pulse shapes could be
distinguished. Since the Si(Li) detector output pulse shape differs for
Compton recoil electrons, noise pile-up, wall events, etc., with the help of
this Puise Shape Discriminator (PSD), one can discriminate against unde-
sirable signals from the detector. Pulses of acceptable shape passed
through the linear gate and were sorted by the data acquisition system.

The data acquisition system used for this work was a multi-user, multi-
purpose, mini-computer-Tennecomp TP-50 system. The TP-50 system was not
only used as a multi-channel analyzer, but also as a computer, performing
on-line data analysis. This latter capability is essential to the adjust-
ment of the electronic instrumentation, especially the PSD, and will be
elaborated upon later in this report. Figure HEDL-5 is a picture of the
TP-50 and associated peripheral equipment, which include two floppy disk
units, a magtape drive, and X-Y plotter, and a line printer. The data taken
by the TP-50 system can be transferrad to any one of these peripherals.

Experimental Methods and Procedures

Figure HEDL-6 shows a photograph of the PCA reactor core and simulated pres-
sure vessel assembly. The whole facility is set in a seventeen foot deep
water pool. The LWR pressure vessel mnckup at the PCA can be found in Fig-
ure HEDL-7. The reactor window, the experimental access tubes, and the void
box were made of aluminum., The fabrication material for the pressure vessel
simulator was carbun steel, and the thermal shield was made of the stainless
steel. Figure HEDL-8 is a schematic view of this facility from above. The
circles indicate the positions of the experimental acces: tubes. The dis-
tance between the reactor window and each experimental access tube is marked

P
w

N
n



HEDL -7

on the top of this figure as W-XX In this work, neasurements were taken at
five different positions, which are indicated by crosses in Figure HEDL-B.
Two continuous gamma-ray spectra were taken at each of these five positions;
one at the midplane and one 6.25" above the midplane. Background spectra
were taken with the reactor shut down and measurements were repeated with
the reactor at low power. In order to maintain acceptable counting rates,
the power of the reactor was set at different levels for different posi-
tions. The counting rates for these experiments varied from 60,000 to
115,000 counts/sec, which resulted in an ADC deadtime of roughly 3-9%. All
ganma dose rates obtained by analyzing these spectra were normalized to a
one-watt reactor power level. The same measurements were repeated to obtain
free field spectra with the Pressure Vessel Simulator, void box, and the
thermoshield removed.

Before measurements were taken, it was important to set the electronic
instrumentation properly, especially the PSD, so that only pulses corres-
ponding to acceptable Compton recoil electrons are sorted by tr~ data
acyuisition system. In order to do so, a 137Cs ~ource, which emits a
moncenerjetic gamma-ray at 0.6616 MeV, was used to give a known electron
recoil distribution. One can calculate the Gaussian-broadened theoretical
Compton elect~on distribution for this source using the well-known Klein-
Nishina formula. By comparing the measured and theoretically calculated
electron distributions, one can adjust the pulse shape analyzer setting
until good agreement between experiment and theory is obtained. Figure
HEDL-9 shows a typical comparison between the experimental and the theo-
retical 137Cs Compton electron distribution after proper adjustment of the
PSD. Once good agreement is obtained, one car be confident that a proper
setting of electronic instrumentation has been achieved for the actual data
collection. In the present work, the calculation of the 137Cs electron
distribution and comparison plots between measurement and calculation were
performed by the TP-50 on-line computer. The computer code GABCOZ’3 was
used for these on-line comparisons. This same calibr-"ion procedure was
repeated several times in the course of the experiment (o assure proper
performance of the eleccronic instrumentation.

| 96
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Data Analysis

A detailed discussion of the data analysis and computer techniques can be
found in References 1 and 2. Hence, only a brief description of the basic
mathematical relations between the Compton-electron distribution and the
gamma-iay spectrum need be given here.

The relationship between the unfolded s-alar gamma flux,x'('o). and the mea-
sured Compton-electron cortinuum, Hc(ﬁ), ‘s given by:

da
W (E) "e/ ¢ (E, ¢g) @ (e )de, (1)
where E and ¢, are the measured electron eaergy .n¢ the corresponding
photon energy, respectively. N is the total number of electrons in the

do
detector and HEE is the differential Compton-scattering cross section (per

free electron). The desired differential cross section can be obtained
directly from the Klein-Nishina formula in the follewing form:

do wr 2 E 2 . ¢~ L 2 ‘
¢ 0 0o-E2, % {e - 1)¢ - 1] (2)
(e E) = ( ) + 2( =) *

dE ‘%o (:;_:'E;TE :::1?' “ ) :;“3" ‘

where Po is the classical electron radius. For the purposes of data re-
duction, Eq. (1) is written in matrix form

EE = Co (3)

where !t ard & are vector representations of the continuous electron and
photon spectrum, respectively. C is the Compton matrix, which is defined in
terms of the response kernel as
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('o)J*l da
Cij - “ej azs (Eij'o)d'O' ij=1,2, ... m (4)
('o)j

Using Equations (3) and (4), with the help of high speed iterative computer

techriques, measured electron distributions can be readily unfclded to obtain
the continuous gamma-ray spectra.

In the present work, the computer code COHSCAT(2’3) was used to unfold all
measured electron spectra into gamma-ray spectra. The electron spectrum
taken at TSB midplane with zero reactor power is displayed in Figure HEDL-10.
Figure HEDL-11 illustrates the gamma spectrum obtained by unfolding the data
given in Figure HEDL-10. The sharp break observed in Figure HEDL-10 at ap-
proximately 1.35 MeV corresponds to the Ba-La transition gamma peak at 1.60
MeV, which is clearly evident in Figure HEDL-11. In the present work, all
electron spec a2 were unfolded as outlined above without further corrections
to the raw data. However, to obtain absolute gamma spectra, several Sys-
tematic corrections need to be applied before unfolding. The Si(Li) detec-
tor used in this work had a sensitive volume of only lcc. Consequently,
there exists the probability that recoil €lectrons can escape from the sen-
sitive region of the detector. This probability increases with increasing
electron energy. This is an example of finite size effects.(l) In the fu-
ture, corrections will be applied to account for finite size effects. In
addition, an efficiency correction factor related to detector geometry, ADC
deadtime, etc., must be determined.

Knowing the absolute continuous gamma-ray spectrum, gamma dose rates can be
computed by the computer code DOSE. The detailed basis for this analysis, as

well as a full description of the DOSE code, can be found in References 1
and 2.

Results and Dis. ussion

All forty measured electron spectra and unfolded gamma spectra have been
stored for future reference and are available upon request. Also stored are

R Bo IR & F*
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computer outputs of COMSCAT and DOSE. A typical electron spectrum at the
TSB midplane location at a reactor power level of 350 mW is displayed in
Figure HEDL-12. The corresponding unfolded gamma-ray spectrum is shown in
Figure HEDL-13. Only raw data of the Compton electron distribution was used
in this analysis. Several gamma peaks are clearly identified as idicated in
Figure HEDL-13. ldentification of these gamrma-ray peaks is based on the
in-situ PCA environment. One may note the peak arising from annihilation at
radiation 0.51 MeV; the Ba-La transition peak at 1.60 MeV; the peak from
neutron capture by hydrogen in water at 2.23 MeV; and peaks from neutron
inelastic neutron scattering in 27Al. 56Fe. and e at 0.85, 1.0, 1.23, and
1.42 MeV. While it is the intention of this work to provide absolute mea-
surements of gamma-ray continuum, the capability of identifying peaks of
sufficient intensity above the continuum definitely indicates that:

1) the performance of detection assembly and electronic instrumenta-
tion are satisfactory.

2) the mathematical concepts and unfolding tecnigues used in the
romputer code for data analysis are appropriate. However, in order
to provide absolute intensity measurements of gamma-ray continuua,
corrections for finite size effects as well as other systematic
effects must be applied tn electron spectra in the data analysis.

Figure HEDL-14 displays the gamma dose rate as a function of the distance
from the PCA window. The plot on the left of the Figure HEDL-14 gives the
gamma dose rates normalized to a one watt reactor power level, whereas the
right hand plot is background gamma dose rate obtained with the reactor shut
down. Since these results were computed without corrections, only the
relative trend of the computed dose rate as a function of the distance from
the PCA window is meaningful. The slow exponential decrease of the dose
rate in the water, and the much faster exponential decrease in the pressure
vessel simulator, is completely consistent with expectations.
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Expected Achievements in the Next Reporting Period

The cooling system for the Si(Li) detector will be improved. Corrections
for finite detector size, as well as efficiency, will be determined experi-
mentally. In addition, the electronic instrumentation will be optimized for
high count rate applications.
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PREPARATION OF FISSIONABLE DEPOSITS FOR SOLID STATE TRACK RECORDER DOSIMETRY
IN THE LIGHT WATER REACTOR-PRESSURE VESSEL SURVEILLANCE PROGRAM

Frank ¥H. Ruddy
Raymond Gold
James H. Roberts*

ggjecttve

Development of Solid State Track Recorder (SSTR) Fissionablz deposit sources
for dosimetry applications in Light Water Reactor-Pressure Vessel Surveil-
lance (LWR-PVS) neutron fields.

Summar

Extensive use of SSTR in U.S. Breeder Reactor (BR), Light Water Reactor
(LWR), and Magnetic Fusion Energy Reactor (MFER) programs is planned and has
been described in recent reports.(l’z) In addition to the high uniformity
required for such fissionable deposits.(3) extension of high accuracy SSTR
techniques to high fluence requires the production of deposits that are cf
very low mass. Better than 1% unifomity and better than 1% absolute ma.s
accuracy must both be accomplished. Consequently, the ability to perfurm

accurate SSTR dosimetry at high flu . ~e depends crucially upon the quality
of these fission deposits.

Accomp lishments and Status

The target thicknesses prepared for the Browns Ferry 3 (BF 3) irradiation
and the planned target thickness for the McGuire 1 irradiation are shown in
Tables HEDL-1 and -2, respectively. An electroplating procedure(4) has

*Consultant, Macalester College, Department of Physics and Astronomy,
St. Paul, Minnesota 55105.
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been adapted for prodv.ing deposits in the required mass range using non-
quantitative deposition of the actinide isotope from an organic solvent

onto a nickel backing. For 239Pu, a linear dependence of source thickness
versus deposition potential was found in the range from 0.08 nanograms/cm2

to 1.58 nanograms/cmz, as shown in Figure HEDL-15. The dependence of source
thickness upon time duration of the deposition was approximately linear below
1.5 nanograms/cm2 at 230 volts deposition potential, but extremely short
times are required for the lightest deposits making variation of the deposi-
tion potential a more attractive a'.ernative for preparation of the deposits.
For 237Np, a slight deviation from linearity of source thickness versus de-
position potential was found above 200 nanograms/cmz, but still a smooth
dependence was founa up to 1.6 ugms/cm2 (see Figures HEDL-15 and -16).

To a first approximation Th, U, Np, and Pu behave identically in this
plating procedure (due to the similarity of the properties of the M [IV]
oxidation state of these actinides), and the same procedure has been used
for Th and U.

The 237Np, 239Pu, and 232Th ueposits produced have been tested for unifor-
mity by «-autoradiographic technigues using plastic SSTR. In many cases,

deviations from uniformity have been found to be less than 5% and further

testing is in progress.

Mass analysic has also begun for these deposits. Alpha spectrometry, mass
spectrometry and spiking techniques have been and are being developed for
these mass analyses. In the case of the uranium deposits, 2370 is being
used as a y-ray spike.

Fissionable deposits nave been prepared and encapsulated for inclusion in
the BF 3 cavity irrafiation and absolute mass assays and uniformity measure-
ments have been performed for these deposits (Table HEDL-1).
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Expected Accomplishments

Alpha particle autoradiographs have been performed on the Browns Ferry 3
deposits, using plastic SSTRs. These autoradiographs are L:ing analyzed for
uniformity and the presence of impurity alpha emitters; these results are
forthcoming. The use of alpha autoradiography as an absolute mass assay
technigue (with better than 1% absolute accuracy) will be investigated by
comparing the results of the alpha autoradiographs with the results of con-
ventional mass analyses.

Production of electrodeposits fur the planned McGuire I irradiation will
begin in order to meet the June 1979 loading deadline.
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TABLE HEDL-1
SOURCE MASSES FOR THE BROWNS FERRY 3 EXPOSURE

|
|
i Muc | ide Thickness* (ng/em?)
235y 1.60
l 1.66
| 1.83
ﬁ 2.36
| 238 48.9
| 57.6
1 65.8
| 106.6
| 239p, 0.604
| 0.733
; 0.959
| 2.19
| 2378p 9.02
9.69
| 9.74
| 26.1
| 2321 104
| 220
285
445

*All deposits are 0.250-inch diameter on 0.437-inch diameter Ni backing.
voading will be in August 1978.
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TABLE HEDL-2
PRELIMINARY LWR-PVS SSTR SOURCE ESTIMATES FOR McGUIRE I

Nuclide Thickness* (ng/cm?) (#)
235y 0.6 (4)
: 6.0 (2)
60 (1)
238y 30 (4)
300 (2;
3 x 103 (1
239p,, 0.6 (8)
6.0 22;
60 1
237ND 6 (4)
60 (2)
600 (1)
2321 120 (4)
1.2 x 103 (2;
12 x 103 (1

*A11 duposits 0.250-inch diameter on 0.438-inch diameter, 5 mil Ni
backing. Regquired date to begin testing 3/79. Required date for PVS
loading 6/79.
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C. THE EFFECT OF MINOR ELEMENTS ON THE IRRADIATION EMERITTLEMENT OF WELD
METAL-11

G. L. Guthrie

Objective

The objective of this work is to provide statistical information about the
effect of minor elements on the shift of the nil ductility temperature of
Light Water Reactor-Pressure Vesse! (LWR-PV) weld metal under irradiation.
The information thus obtained is useful in the preparation of some ASTM
Standard Practices required under the LWR Surveillance Dosimetry Program.
The immediate objective of this report is to list the embrittiement sensi-
tivity coefficients in terms of weight percent, rather than atomic percent
as was done in a previous quarterly report, and to examine the statistical
significance of some coefficients in greater detail.

Summary

In a previous reportl. a simple linear expression was used to provide a
relationship Letween weld metal chemistry and the irradiation induced shift
in the nil ductility temperature of irr ‘ated weld metal. The linear ex-
pression contains a number of adjustable e .ents which show how concen-
trations of individual minor alloying element. contribute to the total tem-
perature sh 't, These adjustable coefficients were evaluated by a "least
squares" technique using data from irraviations of 36 different weld metal
alloys. Confidence limits for the coefiicient values were presented. The
current report gives embri’tlement sensitivity coefficients in terms of
weight percent, rather than atomic percent, and enlarges on the analysis of
the statistical significance of the parameters. Use of additional statis-
tical tests s* . ‘“hat the parameters for Cu, Mn, P, Mo, Ni, Cr, and V

all show evia. ¢ being statistically significant.
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Accomplishments and Status

In a previous quarterly report(l), data assembled by Biemiller et al(z) were
analyzed to chow that several alloying elements affect the irradiation embrittle-
ment sensitivity(3) of pressure vessel steels. The data(z), from 36 weld

metal alloys ‘rradiated at 288°C were presented in a normalized form to show
shift in nil ductility temperature (evaluated from Charpy tests) after irradi-
ation to 3 «x 1019 n/cm2 (E~1.0 MeV). Data from irradiation to fluences other
than 3 x 107 n/cm? (E>1.0 MeV) were adjusted by the authors(z). using an

assumed relation where nil ductility temperature shift was proportional to

the .43 power of the fluence attained in the irradiation. In the earlier
quarterly report(l), data were analyzed using an assumed relation of the form

A(NDTT) = Ac . (At % C) + Ay, (At % Mn)

+ Ap . (At % P) + A - (At % S) + Ag; . (At % Si)

(1)
"AN]' . (At % Ni) "'AC'. . (At % Cr) +AMO . (At ¥ Mo)

* Ay - (At % Cu) + A, . (At % V) + Constant.

In the expression above, the coefficients Ac' Amns €tc., are adjustable para-
meters for carbon, manganese, and other minor alloying elements, evaluated by
a linear least-squares technique so as to obtain a best fit to the data.
Normalized data consist of tabulations of the chemical composition of the
welds and the associated shift in nil ductility temperature caused by irradi-
ation to 3 x 1019 n/em? (E>1.0 Mev).

In the previous report, the chemical compositions were entered into calcu-
Tations as atomic percent alloy additions.
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Since the chemical analysis is commonly given in weight per cent, and Regu-
latory Guide 1.99 discusses(‘) a problem similar to the nresent one using
weight per cent for chemical amalysis, Eq(l) has been modified to the form
of Eq(2) which used weight per cent for the alloy concentration terms.

(NDTT) = Ac- (Wt % C) + AMn - (Wt % Mn)+Ap-(Ht % P)+AS'(Ht % S)
*AAi'(“t % Si)+ANi-(Ht % Ni)+ACr (Wt % Cr)+A"0-(Ht % Mo) (2)
+ACL (Wt % Cu)+Av-(Ht % V) + Constant

This will allow betier comparison of results to Reg Guide 1.99 and fac'litate
utilization of the re.u’ts of the analysis.

A standwrd ¢ t avares tEChﬂiQUc(s) has been used to analyze the % data
points ¢f {'=., - er .nd Byrne using all the terms of Eq(2) and the results
are shown " b'e HCDL-3. In addition to the analysis with the full set of
elements, “oaf’' has been analyzed in an abbreviated form in several cases
where various elements were eliminated from Eq(2) and the least-squares solu-
tion was found for the remaining coefficients in the abbreviated expression
in each case. Table HEDL-4 shows the coefficients which resulted from this
type of analysis for various combinations of assumed relevant elements.

Table HEDL-5 shows the corresponding standard deviations for the coefficients
found by the least-squares procedure.

The method used to choose elements (and associated parameters) for retention
is the following. The full sets of elements for which chemical analysis was
available was used for Case I. This case is shown in Table HEDL-3. It was
assumed that elements which did not actually affect the embrittlement process
would have poorly determined coefficients, since there would be a poor corre-
lation between the concentrations of such elements and the nil cductility tem-
perature shift. Therefore, it seemed reasonable to rank the elements based
an the fractional uncertainty in the least-squares embrittlement coefficient
found for the full set of elemental concentrations, (Case I). Subsets of
elements could be selected, starting with a few of the elements with the most
accurately devermined coefficients, and enlarging the set by adding elements

515 226
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in order, using the previous ranking (Column 5 of Table 3, Case I) as a guide
to a reasonable sequence of additional elements and associated parameters.

The decision on how large a set to use as an ultimate optimum set can be
based on a desire to obtain the minimum value for the standard deviation of
the fit to the data. This might cause retention of a excessive number of
parameters in a situation where the deviation of the fit had a very small
decrease associated with the addition of an extra parameter, with the
improvement being happenstance. The judgment of the situation just referred
to can be put on the quantitative basis by the use of the "F" statistic,
which will be discussed later,

TABLE HEDL-3

RADIATION E. .RITTLEMENT COEFFICIENTS FOR VARIOUS ELEMENTS
IN AN EXPRESSION CONTAINING TEN ELEMENTS PLUS A CONSTANT TERM

Element Coefficient in Standard Fractional Reliability
(or Constant °C/Wt% at 3 x 1019 Deviation Uncertainty Rank
term) n/cm? (E>1.0 meV) OC/Wt% (Col 3/Col 2) (Based on Col 4)
A .1246E+03 .2303E+03 1.85 9

Mn -.5977E+02 .2718E+02 .45

P .4066E+04 .1688E+04 .41 3

S -.1610E+03 .3225E+04 20. 11

Si -.1907E+02 .5644E+02 2.63 10

Ni .2267E+02 .1275E+02 .56 6

Cr .3517E+02 2134E+02 .61 7

Mo -.2244E+03 .8264E+02 .38 2

Cu .3485E+03 .5758E+02 17 1

v .3411E+03 .4872E+03 1.4 8
Constant 1613E+03 (°c) .8987E+02 (°C) .56 5

™7
9
-



TABLE HEDL-4

RADIATION EMBRITTLEMENT COEFFICIENTS FOR SEVERAL COMBINATIONS OF ELEMENTS (OC/Wt % at 3 x 1019 n/em? (E>1.0 MeV))

clement Case I Case I1 Case III Case 1V Case V Case VI Case V11 Case VIII Case iX
c .1246E+03 -1 1478E+03
Mn -.5977E+02 -.7843E+02 -,5716E+02 -.6148£+402 -,6310E+02 -.S783E+02
P .4066E+04 .3248E+03 .2517E+04  .3535E+04  .3763E+04 . 3553E+04 .3316E+04 .3793E+04
S -.1610E+03
__Si -.1907E+02
Ni .2267E+02 .2310E+02  ,1848E+02 .1813E+02 .2287€+02
- .3517E+02 . 2832E+02 .2753E+02 .3507€+02

Mo ~.2244E+03 -.64156+402 -.4514E+02 -,.1018E+03 -.9201E+02 -.2019E+403 -,2234E+03  -.2259E+03
Cu .3485E+03 L4417E+03  .4186E+03  .4079E+03  ,3861E+03  ,3478E+03 . 3540E+03 .3544E+03 .3491E+03
v .3411E+03 .4825E+03 .3812E+03
CONSTANT  .1613E+03 .J019E+00  .7937E+02  .4304E+02  .1661E+03 .12g1§+03 .g;}SE+03 . 1840E+03 .1513E+03
Sum of
Squares  .2929E+05 .5624E+05  .5754E+05  .5334E+05  .4072E+05  .3469E+05  ,3171E+05 . 2027E+05 .2971E+05

tn g

b *Standard . 3423E+02 .4128E+02  .4176E+0Z2  .4083E+02 .3624E+02  ,3401E+02 .3307E+02 . 3288E+02 .3317E+02
Deviation

{\‘j “Degrees 25, 33. 33. 32. 3, 3. 29. 28. 27.
o
* Standard deviation data, given by ((sum of squares of residuals)/(degrees of freedom))o's.

**Degrees of freedom defined as number of data points minus number of adjustable parameters.

Lv-103H
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TABLE HEDL-5 :
STANDARD DEVIATIONS OF ELEMENT COEFFICIENTS FOR SEVERAL COMBINATIONS OF ELEMENTS ;

tlement Case 1 Case Il  Case III Case IV Case V Case VI Case VII Case VIII Case IX

C .2303E+03 .2069E+03 |

Mn .2718E+02 .2530€E+02 .2550E+0”  ,2494E+02 .2483E+02 .2612E+02 |
= . .1688E+04 .1502£+04 (1586E+04 14456404 . 1360E+04  .1329E+04  .1337E+04  .1505E+04

S .3225E404

Si 5644E+02

Ni 12758402 ' . 10126402 10236402  .1013E+402  .1222E+02

cr .2134E402 (17166402 . "0BE02  .2020£+02 §

Mo .8264E+02 .3280E+02  ,3423€+02  .3545E+02  ,3354E+02  .7417E+02  .7605E+402  .7681E+02 £; |

Cu 5758E+02 .5969E+02 . 6546E+02 64365402  ,5756E+02  .1788E+03  .5513E+402  .S5481E+02  ,5579E+02

v .4872E+03 .4176E+403 . 24445E+03

CONSTANT  .B9R7E+(C2 .1704E+02 .2876E+02 .3626E+02  .5110E+02 .5259E+02  .6197E+02 L5216E+02 . T758E+02

Units are (°C/Wt 1)2
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The ranking of the coefficients from Case I was found to be Cu, Mo, P, Mn,
additive constant, Ni, Cr, V, C, Si, and S, as shown in Table HEDL-3. In
the computations the additive constant was included in 211 cases. This is
not in complete harmony with the theory just discussed, as the constant
should be included in the proper sequence on the same basis as the rest of
the parameters, but the discrepancy turned out not to be important, since
the minimum value for the standard deviation of the data was observed for a
set of parameterc which was larger than the smallest set which included

the additive constant taken in proper sequence.

Most of the various subset “cases" shown in Tables HEDL-4 and HEDL-5 are
based on the previo:sly mentioned ranking. Cases III, IV, V, VI, VII, VIII
and IX show the effects of adding the elements in sequence, in order of rank.
Case I is out of sequence in the table, since it is the full set, and Case

I is not a proper member of the sequence but was included because of its
similarity to Reg. Guide 1.99.

Tables HEDL-4 and -5 show that statistically derived "best values" for co-
efficients depend upon the choice of the “relevant" elements. This is quite
obvious from comparison of the molybdenum coefficient as found in Case IV
with that found in Case VIII. This phenomenon occurs because the alloys
were not specifically designed to pruduce data which would generate partial
derivatives. Such design would require varying the composition of each
element (vs. iron) individually, with the other compositions held constant.
In the available alloys, certzin pairs of elements vary in composition in
coordinated patterns which may be accidental or the result of metallurgical
facts. In the assumed linear relation between composition and temperature
shift, deletion of one member of a pair whose occurrence is correlated would
change the value of the coefficient of the remaining pair member., In the
statistical analysis, this phenomenon appears as a significant absolute
value for the covariance term in the more complete case with both elements
present., Since the values of the parameters depend on the choice of vari-
ables, decisions must be made as to what constitutes a reasonable set of
indeperident variables. Keeping all available parameters in the equation is

515 230



HEDL -44

not necessarily the best choice, as this would increase the computation in
implementa* ion of the procedure of predicting temperature shifts. It also
reduces th2 excess of the number of data points over the number of parameters
(calied degrees of freedom). For elements that do not control the tempera-
ture shift, the inclusion of unrn.eded parameters slightly reduces the reli-
ability of the final formula.

Examination of the last two rows of Table HEDL-4 shows that going from Case I
to Case VIII has not materially increased the sums of squares of residuals,
while actually decreasing the square root of the sum of squares of residuals
ver degree of freedom. This last item measures scatter on a basis of root
mean-square deviation per excess data point and i3 the standard deviation of
the fit to the data. "Excess data point" means the excess above the minimum
number needed to determine a set of values for the coefficients. Judging by
the values in the last two rows of Table HEDL-4, Cu and P do not constitute
an ideal set of independent chemical variables for analyzing the Biemiller
data. On the other hand, the set in Case VIII seems excellent. The compara-
tively Tow value of 30,270 for the total of the sum of squares of residuals
indicates a good fit to data, while the comparatively low value in the last
row indicates that the fit has been achieved by use of meaningful variables.
In going from Case VIII to Case IX, the addition of C to the set of elements
reduces the sum of the squares of the residuais but increases the standard
deviation. Therefore, it is ouvious that the optimum set of parameters is
no larger than the one shown in Case VIII, for the given input data.

When sampling from a normally distributed population, it is possible to
calculate a number
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by randomly choosing n population members at random. If .. is unknown, a
similar Z2 can be caiculated using n + 1 members and applying the formula

n+l = 2
i=1 "

where y is the average value of dependent variable for the n + 1 members
chosen. The value of Z2 will change from one statistical sampling experiment
to another and will have a probability distribution varying smoothly from zero
to infinity and peaked near 22 = n. This is called a Chi-squared distribu-
tion of degree n. Independently constructing Zz values with n and m members
from two populatinns, and taking the ratio (Zi/n)/(lg/m) produces a number
“F" which is randomly distributed and peaked near unity. The shape of the
distribution depends on n and m, and the distribution is called an "F"
distribution of n and m, written as F(n,m). It is possible to test for the
significance of added parameters in a linear expression using formulas
involving the F statistic. Basically, the idea behind the formula is the
following: When an additional paramet r is added, the degrees of freedom
factor is decreased by unity, so the si.uation is similar to losing a data
point, or reducing n by unity in constructing a Chi-square number. If the
added parameter is really significant, the value of Chi-square per degrees
of freedom should show a noticeable shift. What constitutes a noticeable
shift depends on the magnitude of Chi-square per degree of freedom. That
is, the ratio of the shift to the value should be large enough to be improb-
able. An F test based on logic somewhat similar to that given above is
suggested by Mendenhall and Schaefer.(e) These authors state that for two
different parameter levels, the statistic

o - (SSE1-SSE2) =

has a distribution of the F (aP,DF) type. In the formula above, SSE1l is the
sum of the squares of the errors for the data-fitting with the smaller number
of parameters, and SSE2 is the similar term for the more complex fitting
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routine. Delta P is the increase in number of parameters, and DF is the num-
ber of degr~es of freedom (excess of data points over parameters) in the com-
plex case. If the auditional parameters are significant, the number G should
be improbably large and should fall in the upper tail of the F distribution.
This recipe has beer used to test the significance of added parameters in
several cases. The results are shown in Table HEDL-6.

TABLE HEDL-6
F TEST - SIGNIFICANCE OF ADDED PARAMETERS

Elements (or additive constant) Parameters Added Confidence Level
Assumed Relevant in Fit With for fdditional that Change is
Reduced Number of Parameters Elements Significant
Constant Cu, Mo. P 87.7%

Ci vstant Cu, Mo, P Mn 99.59%
Constant Cu, Mo, P, Mn Ni 97.04%
Constant Cu, Mo, P, Mn, Ni Cr 89.04%
Constant Cu, Mo, P, Mn, Ni, Cr v 74.18%

It appears from Table HEDL-6 that there is justification for choosing the set
of elements used in Case VIII (the most complete set shown in Table HEDL-6)
over the sets having smaller numbers of parameters.

A computer program has been written to diagoralize the covariance matrix for
the embrittiement problem. That is, the program finds psuein-elements whose
concentrations are linear combinations of the actual elements, such that the
pseudo-elements have independent embrittlement coefficients.

The linear combinations, the embrittlement coefficients, and the variance of
the coefficients are shown in Tables HEDL-7 and -8.
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TABLE HEDL-8

EMBRITTLEMENT COEFFICIENTS AND VARIANCES F( "D COMB INATIONS
OF ELEMENTS, FOR AN IRRADIATION TO 3 x 1019 n (E>1.0 MeV

Charpy Shift
Embrittlement Coeff,
Lombination OC/(unit value of LC) variance

-1Tnear

The covariance matr the coefficients of

Htl")"‘.ﬁ‘;), IS1ng Mﬂ' P, | ) (j‘,’ and V as relevant
that the best value: coeffic are those
r-i:)it‘ v L Y.")Qf ‘)‘.‘37'75'(_ ance ‘/‘
of the uncertaint y in the

1S that the

temperat n’‘cm

given Dy
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in the temperature shift, and Al' AZ’ etc., are the weight per cent concen-
trations of the chemical elements, Cnm are the mathematical elements in

the covariance matrix, and the summation is taken over the adjustable
coefficients including the additive constant. The "weight per cent," "A,"
for the constant term is to be taken as unity in applying the formula.

Table HEDL-10 shows a correlation matrix constructed for Case I of Table IV.
From the correlation matrix it appears that the data are such that the
coefficient for Mo is not independent of the coefficients for Cr, Ni, and Mn.
This interdependence also shows in Table VII, which gives the particular
linear combinations of elements that can be used to diagonalize the covar -
ance matrix for Case I. None of the linear combinations shows Mo as a
clearly dominant constituent. This phenomenon is due to correlations between
Mo concentrations and other elemental concentrations in “h> available data.
For an irradiation to a fluence other than 3 x 1019 n/cm2 (E>1.0 MeV), the
formu®as in this report can be used to predict the nil ductility shift as
foliows. (1) Use the coefficients of Case VIII together with the known chem-
istry of the specimen of interest to predict the nil ductility temperature
shift at 3 x 1019 n/cm2 (E>1.0 MeV). (2) Correct the previous value by multi-
plying by (@t/3 x 1019)0'43. where @t is expressed in units of n/cm2

(E>1.0 MeV).

L S



Mn

Mn .6167E+03
P

Ni

Cr

Mo

Cu

v

Constant

COVARIANCE MATRIX FOR SET OF EMBRITTLEMENT PARAMETERS FOR THE ELEMENT SET

TABLE HEDL-9

SHOWN, FOR THE BIEMILLER AND BYRNE DATA EXPRESSED IN O AND WEIGHT PER CENT.

P
-.5350E+04
-1787E+07

Ni

.9587E+02
.1362E+04
.1036E+03

Cr
-.4352E+02
-.2022E+04
-.4730E+02

.2917€+03

Mo
.6162E+03
.1999E+05
.2305E+03

-.1118E+04
.5784E+04

Cu
-.1026E+02
-.1096E+05
-.1693E+03

.6330E+02
.3536E+03
.3004E+04

v
-.5828E+03
-.B562E 5
-.1265E+03
-.2875E+03
-.7766E+04

.1574E+03
L1744E+06

Constant
-.1117€+04
-.2094E+05
-.3040E+03

.5881E+03
-.3853E+04
-.4897E+03

. 3440E+04

. 3864E+04
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TABLE HEDL-

10

CORRELATION MATRIX FOR THE EMBRITTLEMENT PARAMETERS FOR THE FULL SET OF
TEN ELEMENTS PLUS AN ADDITIVE CONSTANT; CASE I, USTNG DATA OF

Mn

Si

N1

Cr

Cu

CNST.

.30
.43
.05
.37
59

.05
A1
.36
.66

Mn
.30
1.00
-.03
.07
11
.46
.05
.30

-.13
-.69

BIEMILLER AND BYRNE

-.05
.07
-.38
1.00
.01
-.06
.11
-.18
.01
.28

Si

.37

o L

.01

.13

e
.02

Ni

9%
.46
.32
.06
w13

.05
.25
..
.22
.63

.05.
.30
.23
.18
.22
.25
A7
.00
.09
.29
.65

Cu

11
.C4
.18
.01
.02
.32
.02

.04
.04

.36
A3
.35
.28
.18
.22
12
.29
.04

.34

CNST.

.08

.16

.34
1.00
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Expected Accomplishments in the next reporting period

At some time in the future additional data will be an.lyzed and the expres-
sion for the shift in nil ductility temperature will be enlarged to include
terms involving products of concentrations of elements, as well as concentra-
tions to the first power.
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A. POOL CRITICAL ASSEMBLY PR%SSURE VESSEL WALL BENCHMARK FACILITY
PCA-PVF

J. H. Swanks
L. P. Pugh

Objective
To design, fabricate, install, checkout, and operate the PCA-PVF,

Summary

Design, fabrication, and preparation are continuing to prepare the PCA-
PVF for dosimetry experiments,

Accomplishments and Status

Design work performed this quarter for the Pool Critical Assembly (PCA)
facility has been to accommodate changes and/or additions requested by
eiserimenters. lnciuded are designs of free-field measurement facili-
ties, Lucite follower plugs for experiment tubes, a fission chamber
tube for run-to-run normalization, a lead thermal shield, and core map-
ping rigs. Analyses and documentation of the adequacy of the structur-
al capabilities of the PCA experiment facility with the stainless steel
thermal shield and of the BSR pool floor were completed by General En-
gineering,

Fabrication of most of the major tfacility components has been completed
during this reporting period. The pressure vessel simulator and dosim-
etry capsule were procured rough cut from the steel supplier to save
considerable time and machining costs.

Preparation of the PCA for the experiment program was begun this quar-

ter. The core < .. control rods were moved two rows southward to posi-
tion them in their most so'.thward position (thus, adjacent to the

515 241



2
i

ORNL -4

aluminum window simulator of the experiment rig). Additional end box
adapters were fabricated to provide flexibility in loading Pool Critical
Assembly (PCA), Bulk Shielding Reactor (BSR), and Dak Ridge Research Re-
actor (ORR) core components in any core position, Gamma dose rates were
measured in water as a function of distance from the reactor face to as-
sist experimenters in planning for their measurements, A number of pos-
sible core configurations were assembled to determine their suitability
for the experiment program. Core number 238 (Figure ORNL-1) was most
desirable. It provides four-quadrant symmetry with the rods withdrawn
approximately nineteen inches. The Exneriment Review Questionnaire

has been completed and approved.

The Quality Assurance Program Plan (QAPP) has been completed and approved
by Oak Ridge National Laboratory (ORNL) management.

Expected Accomplishments

The fabrication, installation, and checkout of the PCA-PVF will be com-
pleted by the end of the current reporting period., The facility will
then be ready for dosimetry experiments.
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quantity of interest, the fast flux, dces not change significantly.

Thus, this change is also considered acceptable from neutronic consid-
erations,

Expected Accumplishments

Two additional calculations are in progress:

1. to determine the effect of replacing the thermal
shield with lead; and

2. to evaluate the effect of poisoning the core with
boron to achieve a critical system,

Replacement of the thermal snield with lead will reduce the gamma-to-
neutron ratio (v/n); a smaller y/n ratio is needed to make spectral
measurements beyond the thermal shield in the Pool Critical Assembly
(PCA) experiment, Poisoning the core will provide information on the
importance of thermal self shielding and fission products in the core
model.

e 1 3¢
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TABLE ORNL-

2

Comparison of Spectra from a Reference Calculation (Case 10) and a Calculation with the Test Specimens

Sandwiched Between Copper Plates (Case 11 :

the Location is at the First Plate Midpoint

(interval 52, r = 59,7337)
Group ¢ .AU . - $ AU . .
Number e | P Ratio of Group Fluxes
(2) =1 Case 10/Case 11
Case 10 Case 11 Case 10 Case 11

] 5.666 E-5 5.657 E-5 5.666 £-5 £.657 £-5 1.001

2 4.564 £E-5 4,528 E-5 1.023 E-4 1.018 £E-4 1.007

3 8.154 E-5 7.994 E-5 1.838 £E-4 1.818 E-4 1.020

4 7.059 E-5 6.852 E-5 2.544 £-4 2.503 E-4 1.030

5 1.561 E-4 1.509 E-4 4,105 E-4 4,012 £-4 1.034

6 1.391 E-4 1.396 E-4 5.497 E-4 5.408 £E-4 0.5964

7 1.597 E-4 1.614 £-4 7.094 E-4 7.022 E-4 0.9894

8 1.025 £-4 1.038 E-4 8.118 E-4 8.060 E-4 0.9874

9 1.571 E-4 1.605 E-4 9.689 £-4 9.665 E-4 0.9788
10 6.166 E-5 6.222 E-5 1.031 E-3 1.029 E-3 0.9909
1 2.058 E-4 1.951 E-4 1.236 E-3 1.224 E-3 1.054
12 3.131 E-4 2,945 F-4 1.549 E-3 1.518 E-3 1.063
13 2.864 £-4 2.772 E-4 1.836 E-3 1,796 E-3 1.033

14 8.475 E-5 3.164 E-5 1.921 E-3 1.877 E-3 1.038
15 1.300 E-3 1.114 £-3 3.220 E-3 3.021 E-3 1.136

vl -IN30
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TABLE ORNL-

3

Comparison of Spectra from a Reference Calculation (Case 10) and a Calculatior with the Test Specimens

Sandwiched Between Copner Plates (Case 11):

the Location is at the Third Plate Midpoint

"interval 60, r = 64,337 cm)

Group 98U, ’g $.8U :

Number L 4 4 Ratéo oflgroup F}t]txes
(<) Case 10 Case 11 Tase 16 Case 11 e e
1 2.400 E-5 2.377 E-5 2.400 E-5 2.377 E-5 1,009
2 1.966 E-5 1.935 E-5 4,367 E-5 4,313 E-5 1.016
3 3.839 E-5 3.715 E-5 8.706 E-5 8.027 E-5 1.033
4 3.806 E-5 3.629 E-5 1.201 E-4 1.166 £-4 1.048
5 1.080 E-4 1.022 E-4 2.281 E-4 2.188 E-4 1.056
6 1.291 E-4 1.272 E-4 3.572 E-4 3.460 E-4 1.014
7 1.815 E-4 1.823 E-4 5.387 E-4 5.282 E-4 0.9956
8 1.334 E-4 1.337 E-4 6.720 E-4 6.619 E-4 0,9977
9 2.020 E-4 2.074 E-4 8.740 E-4 8.693 E-4 0.9739
10 8.119 E-5 8.228 E-5 9.552 E-4 9.516 E-4 0.9867
11 2.786 E-4 2.393 E-4 1.234 E-3 1.191 E-3 1.164
12 1.812 E-4 1.569 E-4 1.415 E-3 1.348 E-3 1.154
13 ~.504 E-4 1.391 E-4 1.565 E-3 1.487 E-3 1.081
14 8582 E-5 2.373 E-5 1.591 E-3 1.511 £-3 1.088
15 5.798 E-5 4,714 E-E 1.649 E-3 1.558 E-3 1.229

gL =INY0
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Comparison of Spectra from a Reference Calculation (Case 10) and a Calculation with the Test Specimens

Sandwiched Between Copper Plates (Case 11):

(inteival 70, r =

69.9572 cm)

the Location is at the Third Plate Midpoint

N
ﬁ::ggr S 2 i Ratio of Group Fluxes
() =1 Case 19/Case 1]
Case 10 Case 11 Case 10 Case i1
1 8.383 E-6 8.243 E-6 8.383 E-6 8.243 E-6 1.017
2 6.704 E-6 6.550 E-6 1.509 E~5 1.479 E-5 1.023
3 1.401 E-5 1.344 E-5 2.910 E-5 2.823 E-5 1,042
4 1.512 E-5 1.427 E-5 4,422 E-5 4,250 E-5 1.059
5 5.222 E-5 4.879 E-5 9.644 E-5 9,129 E-5 1.070
6 8.269 E-5 8.009 E-5 1.791 E-4 1.714 E-4 1.032
7 1.423 E-4 1.409 E-4 3.214 E-4 3.123 E-4 1.009
8 1.170 E-4 1.152 E-4 4,384 E-4 4,275 E-4 1.015
9 1.856 E-4 1.884 E-4 6.241 E-4 6.159 E-4 0.9851
10 7.724 E-5 7.760 E-5 7.013 E-4 6.935 E-4 0.9953
11 2.768 E-4 2.315 E-4 9,781 E-4 9.250 E-4 1.195
12 1.088 E~4 9.368 E-5 1.087 E-~3 1.019 E-3 1.161
13 7.672 E-5 6.78" E-5 1.164 E-3 1.086 E-3 1.131
14 9.913 E-6 8.611 E-b 1.174 E-3 1.095 E-3 1.151
15 3.054 E-6 2,339 E-6 1.177 E-3  1.097 E-3 1.305

91 - INY¥0
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TABLE ORNL-5

Fast Flux,“ Total Fqu.b and Fast Flux Normaiized to the Pressure Ves-
sel Surface at Selected Penetration Distances into the Pressure
Vessel Simulator: Case 10 is the Reference Calculation
and Case 11 has Copper Plates on Each Side of
the Test Specimens

Interval Penetration Distance From Fast Flux
Numbe » Distance Center Line Case 10 Case 17
52 0.1587 59,733 1.031 E-3 1.029 E-3
60 4,7625 64,337 9,552 E-4 9,516 E-4
70 10,382 69,957 7.013 E-4 6.935 E-4
Total Flux Interval Normalized Fast Flux
Case 10 Case 1) Number ase ase
3,220 E-3 3,021 E-3 52 1.0 1.0
1.649 E-3 1.558 E-3 60 0.9264 0.9247
1.177 E=3 1.097 E-3 70 0.6802 0.6739
— ar 3
}0 wiAUL
=]
b
15 o o,
=1
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TABLE ORNL-7

Fast Flux.a Total Flux.b and Fast Flux Normalized to the Pressure Ves-
sel Surface at Selected Penetration Distances into the Pressure
Vessel: Results are for a Reference Calculation (Case 1)
and for a Calculation with Test Specimens Directly
Behind the Therma] Shield (Case 12)

Interval Penetration Distance From Fast Flux
Number Distance Center Line “Case | Case 12
53 0.3746 60,2671 5.896 E-4 1.051 E-3
61 6.369 66.2615 8.414 E-4 8.840 E-4
68 11.6141 71.5066 6.092 E-4 6.358 E-4
Total Flux Interval Normalized Fast Flux
Case | Case 12 Number Case 1 Case 12
2.867 E-3 3.800 E-3 53 1.0 1.0
1.410 E-3 1.628 E-3 61 0.8502 0.841
1.023 £E-3 1.139 E-3 63 0.6156 0.6049
7 3\
[ %0 o8,
(£=1 .
b { 3
%5 ¢8U;
4=1]
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TABLE ORNL-8

Case Number 1C
One-Dimensional XSDRN Calculations

Atm/B-cm

Zone Zone Description Material Densjty Radii Width
I Core H 4,048 E-2 0.0 26,67
0 2,024 E-2
Al 2,339 E-2
235 1.285 E-3
238y 8,997 E-6
Il Aluminum Widnow Al 6.030 E-2 26.67 2.225
III Primary Window H 6.680 E-2 28,8925 12,00
Coolant 3.340 E-2
Iv Thermal Shield Fe 8.480 E-2 40,8925 6.
¢
Mn
Si
Cr
Ni
Vv Primary Watzr H 6.680 E-2 46,8925 12.6825
Coolant 0
VI Copper Plate Fe 8.480 E-2 59,5750 0.3175
(position)
VIl Test Specimen Fe £.480 E-2 59,8925 2,032
VIII Copper Plate Fe 8,480 E-2 61.9245 0.3175
(positicn)
X Pressure Vessel Fe 8.480 E-2 62.2420 1.9367
X Copper Plate Fe 8,480 E-2 64,1787 0,3175
(position)
XI Test Specimen Fe 3.480 E-2 64,4962 2.032
XI1 Copper Plate Fe 8.480 E-2 66,5282 0.3i75
(position)
XIII Pressure Vessel Fe 8.480 E-2 66,8457 2.9528
XIv Copper Plate Fe 8.480 E-2 69.7985 n.3175
(pos:tion)
XV Test Specimen Fe 8.480 E-2 70.1160 2,032
XVI Copper Plate Fe 8.480 E-2 72.1430 0.3175
(position)
XVII Pressure Vessel Fe 8.480 E-2 72.4655 9,506
XVIII Cavity Void 1.000 E-10 82,3715 30.
XTX Water H 6.68 E-2 112.37 X 756
0 3.34 E-2 ‘31 L
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TABLE ORNL-9

Case Number 11
One-Nimensional XSDRN Calculations

Atm/B-cm

Zone Zone Description Material Density Raa. i Width
I Core H 4,048 E-2 0.0 26,67
0 2,024 E-2
Al 2.339 E-2
235y 1.285 E-3
238y 8.997 E-6
I1 Aluminum Window Al 6.030 E-2 26.67 2,225
111 Primary Water H 6.680 E-2 28,8925 12.00
Coolant 0 3.340 E-2
) Thermal Shield Fe 8.480 E-2 40,8925 6.
(W
Mn
Si
Cr
Ni
'] Primary Water B 6.680 E-2 46,8925 12,6825
Coolant 0
VI Copper Plate Cu 8.493 E-2 59,57¢" 0.3175
VII Test Specimen Fe 8,480 E-2 59,89 2.032
VIII Copper Plate Cu 8.493 E-2 61.9245 0.317°
IX Pressure Vessel Fe 8.480 E-2 62.2420 1.9367
X Copper Flate Cu 8.493 E-2 64.1787 0,3175
X1 Test Specimen Fe 8.480 E-2 64,4962 2,032
XII Copper Plate Cu 0,430 E-2 66,5282 0,3175
XIII Pressure Vessel Fe 8.480 E-2 66,8457 2.9528
XIv Copper Plate Cu 8.493 E-2 69,7985 0.3175
XV Test Specimen Fe 8.480 E-2 76.1160 2.032
XxvI Copper Plate Cu 2,493 E-2 72.1480 0,.3175
XVII Pressure Vessel Fe 8,480 E-2 72,4655 9.506
XVITI Cavity Void 1.000 E-10 82,3715 30,
- OXIX Water H 6.68 E-2 112.3N1 30,
0 3.34 E-2

515 257



ORNL- 22

TABLE ORNL-10
Case Number 12

One-Dimensional XSDRN Calculations

Atm/B-cm . )
Zone Zone Description Material Dens ity Radii Width
I Core H 4,048 E-2 0.0 26.67
0 2.024 E-2
Al 2.339 E-2
235y 1.2853 E-4
238 8,997 E-6
I Aluminum Window Al 6.030 E-2 26,67 2.2225
II1 Primary Water H 6.680 E-2 28,8925 12,00
Coolant 0 3.340 E-2
Iv Thermal Shield Fe 8.480 E-2 40,8925 9.81
C
Mn
Si
Cr
Ni
Vv Primary H 6.680 E-2 50,7025 9.19
Water Coclant 0 3.340 E-2
VI Pressure Vessel Fe 8.480 E-2 59,8925 22.479
VII Cavity Void 1.000 E-10 82.3715 30,00
VIII Water H 6.680 E-2 112.3715 30.00
0 3.340 E-2
142.3715
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D. INSTRUMENTED IRRADIATION CAPSULE (IIC)

J. A, Conlin
[. Siman-Tov

Objective

To design, fabricate, install, checkout, and maintain the IIC,

Summary

The drawings of the capsule representing the pressure vessel are about
50% complete, A two-dimensional heat transfer model of the entire pres-
sure vessel capsule has been developed, A two-dimensional model of the
surveillance specimen capsule was also developed, The detailed design
of the pressure vessel capsule containment is nearing compietion. The
heater plate design has been modified.

Accomplishments and Status

Introduction

The pressure vessel steel Oak Ridge Research Reactor (ORR) capsule is
designed to provide a direct comparison of the radiation damage to Pres-
surized Water Reactor (PWR) pressure vessel surveillance specimens to
that of the ictual pressure vessel, PWRs contain surveillance specimens
located between the stainless steel thermal shield and the pressure ves-
sel.

This irradiation experiment consists of two capsules. One, the Surveil-
Tance Specimen Capsule (SSC), represents the surveillance specimens of

a PWR and the other, the pressure vessel capsule (PVC), the reactor
pressure vessel, The experiment is to be irradiated in the ORR poolside

215 259
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facility. The facility will cratain a mockup of a thermal shield 2™ x
27" = 6 cm thick and an 8,85 in, thick section of =%>el representing the
pressure vessel, Behind the simulated pressure vessel will be an air-
filled-aluminum box representing the void orn the outside of a PWR vessel,
The surveillance specimen capsule will be mounted on the "outer" face of
the thermal shield and the precsure vessel capsule in a "U" shaped cut
out in the steel representing the pressure vessel, The surveililance
capsule will contain one region of charpie and compact tensile specimens,
The pressure vessel capsule will contain a similar set of specimens at
three regions; the inner face, a* the 1/4 thickness and at the 1/2 thick-
ness pusitions, Temperatures of all specimens are to be maintained at
283°C +10°C (550°F).

Capsule Design

The basic capsule design for the PVC remains the same as that described
in the previou quarterly report. The drawings of the capsule represent-
ing the pressure vessel are about 50% complete, Some minor modifications
have been made. The actual location of the s»ecimens relative to the ORR
core has been changed to increase the exposure dose., This has required

a new gamma heating calculation which models the new position of the
thermal shield, surveillance specimen capsule (SSC) and instrumented
pressure vessel capsule (PVC). These are one-dimensional calculations
and do not adequately model the effect of the surveillance specimen cap-
sule (SSC) since its aimensions are small enough to allow some three-
dimensional effects on the gaimma heat. For this reason, two cases will
be run; one with and one without the -urveillance specimen capsule to
obtain the range of effect that the SSL could have on the gamma heating
in the PVC, The case with the SSC in piz_.e has been run; the nther is

in progress, The results may require some minor modifications to the
thermal design, in particular the sizing of gas gaps.

A two-dimensional heat transfer model (Model V) of the entire PVC has been
developed (Figure ORNL-3). This model represents the entire capsule in
XZ qeometry. (The model represents a capsule of infinite size in the
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' horizontal direction parallel to the ORR window, Y direction,) This
| mode] maps the heat flows between the three specimen regions and will
! establish the final sizing 2f insulating gas gaps and electric heater
[ loads necessary to maintain the design temperature,
F

|

A two-dimensional model (XZ geometry) of the surveillance specimen cap-
sule (Fiqure ORNL-4) was also developed using the newly-calculated gamma
heating rates and will be used to finalize the design of that capsule,

| The SSC will consist of a single test specimen assembly clamped in a

steel frame sandwiched between two heater plate assemblies identical to

| that of the PVC. There are to be no cooler plates since the capsule is

small enough such that internal cooling will not be required, The

| specimen-heater assembly will be contained in a stainless steel box with

a 1/4 in. gas gap on top, oottom, ar. both sides. The front and back

| will be of 0.09 in, thick stainless plates through which the heat will
be transmitted to pool water. There will be a thermal barrier between
the specimen-ieater assemtly and the front and back surfaces of the box.

: This may be a gas gap similar to that of the PVC, or another form of
thermal barrier may be required, The heat flux through these surfaces
is greater than in the PVC capsule and will require a smaller gas gap.
Teo) smali a gap may be difficult to maintain with sufficient accuracy
for proper temperature contro]l rer the large 15" x 15" surface.

The detailed design of the PVC containment is nearing completion. We
plan to build a prototype to verify assembiy techniques and to provide

: a test vessel in which to evaluate the performance of prototype heater
and cooler plate assemblies,

A prototype cooler plate assembly was machined; however, improper ma-
chining techniques resulted in nonuniform gas gaps surrounding the
cooler tubes., A new cooler plate is to be fabricated, No real problems
are anticipated.

T o m——
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APPLICATION OF HELIUM ACCUMULATION FLUENCE MONITORS TO LIGHT WATER REACTOR
SURVEILLANCE

B. M. Oliver and Harry Farrar _.

Objectives

1. Apply helium accumulation fluence monitors (HAFM's) to the surveillance
dosimetry of light water reactor systems.

2. Fabricate and test selected sets of HAFM's in LWR and benchmark neutron
environments.

3. Examine the feasibility of using helium buildup in pressure vesse! materials
as a surveillance monitoring procedu-c.

4, Formulate ASTM recommended practices and procedures for HAFM's in light
water reactor systems.

Summary

Helium analyses have been completed on the boron and lithium HAFM's irradiated

in the Fission Cavity of the BR1 reactor at Mel, Belgium. Preliminary results of
these analyses are reported here. These results have not yet, however, been
corrected for such factors as neutron self-shielding and flux gradients.

A total of 113 HAFM's have been fabricated and shipped to CEN/SCK for inclusion
in the cooperative LWR-PV steels test irradiation in the FRJ-1 and FRJ-2
reactors in Jilich, West Germany. The HAFM's will be irradiated in both core
and reflector locations, and the results will be compared with data from HEDL
and CEN/SCK dosimeters irradiated at the same locations.
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Accomplishments and Status

6

I. Helium Analysis of % and OLiF HAFM's in the BRI Fission Cavity

During the report period, helium concentration measurements have been
completed on the 24 natural boron bare crystals, enriched 6LiF (79.1% 6Li)
bare crystals, enriched 108 (93.0% 108) HAFM capsules, and enriched 6LiF HAFM
capsules irradiated in the Fission Cavity of the BR1 reactor at CEN/SCK in
Mol, Belgium. Funding for ten of these helium analyses (HAFM capsules) is
being provided by a HEDL contract, as part of the LWR Pressure Vessel Irradi-
ation Surveillance Dosimetry Program. This irradiation was conducted con-
currently with a similar irradiation of boror and lithium HAFM's in the Sigma
Sigma benchmark neutron field of the BR1 reactor. Both irradiations, con-
ducted in cooperation with other laboratories participating in the Inter-
laboratory Reaction Rate (ILRR) program, are an integral part of Rockwell
International's overall program to demonstrate and develop the use of HAFM's
for - utron dosimetry. The purpose of the irradiation was to measure the helium
procuction cross section of 1OB and 6Li in the 235U fission neutron spectrum.
Preliminary results from approximately one-half of the samples were given
in the previous quarterly repor't.l

Preliminary results of the Fission Cavity helium analyses indicate average
4He concentrations of 0.220 + 0.006 and 0.198 + 0.009 atomic parts per billion
(appb) for 10B and 6Li, respectively. This gives a 10B-to-GLi reaction
ratio of 1.11 = .06, which is somewhat higher than the ~1.0 value obtained
using ENDF/B cross se:tion data, assuming a Maxwellian 235U fission neutron
spectrum. These results have not yet, however, been adjusted for small correction
factors such as neutron self-shielding and flux gradients. Additionally, only
a preliminary correction has been made for epithermal wall return background
neutrons, which contribute ~10% to the total helium production. This contri-
bution was measured by including additional HAFM's at two other locations in
the cavity away from the fission source. A detailed description of the Fission
Cavity irradiation, and complete results of the helium analysess a‘e being
reported in DOE periodic2'4 and ILRR program reports, where other related
benchmark irradiation experiments are also discussed.

5.5 268
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samples of Ti and Zr were included to monitor the background contributions of
these elements to HAFM'c containing these elements as compound components.

Some additional HAFM's compounds have been included containing fluorine
(Fer and Can), oxygen (v205). chlorine and potassium (KC1). These elements,
which have various threshold (n,a) reactions in the range of 2-4 MeV, are
currently in the scoping phase as possible LWR dosimeters. Additionally, wire
segments of Nb and Pt have been included to measure their background helium
production in order to determine their potential value as possible encapsulat-
ing materiais in future LWR irradiations.

Expected Accomplishments in Next Reporting Period

1. Specify and order homogeneous wire containing low levels of loB and 6Li.
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TABLE RIES-1

HELIUM ACCUMULATION MATERIALS AND S ..c TED
LOADING PRIORITY FOR FRJ-1 AND FRJ C IRRAD(ATIONS

Total Number of Samples; 113.

T |_Number of Samples in Each Dosimetry Capsule
FRJ-2
Sample Dimension Loading | FRJ-1 Core FRJ-2 Core Reflegﬁor
Descriptior (inch) Priority [No. 1 ‘_*Nvoﬁ.jw}No. 1 No. No. 1 0.
Fe Wire 0.040 x 0.5 1 1 1 1 1 1 1
Ni Wire 0.040 x 0.5 2 1 1 1 1 1 1
Cu Wire C.030 x 0.5 3 1 1 1 1 1 1
Al Wire 10 0.040 x 0.5 a4 1 H 1 1 1 1
Ni-0.13%6 B Wire ~0.05 x 0.25 5 1 1 1 1 1 1
Al-0.6% “Li Wire ~0.05 x 0.25 6 1 1 1 1 1 1
Ti Wire 0.020 x 0.5 10 1 0 1 0 1 0
Nb Wire 0.020 x 0.5 16 1 0 1 0 1 0
Pt Wire n.021 x 0.5 17 1 0 1 0 1 0
Ni-0.13% '8 Wire 7 1 0 1 0 1 0
Al1-0.6% "Li Wire 8 1 0 1 0 1 0
Blank 9 1 1 1 1 1 1
TiN Powder 10 1 1 1 1 1 1
PbS Powder 11 1 1 1 1 1 1
Be Crystal 12 2 1 2 1 2 1
ZrN Powder (Lot A) ) Vanadium 13 1 1 1 1 1 1
CusS Powder Encapsulated 14 1 1 1 1 1 1
Zrﬁ Powder (Lot B){ 0.050 x 0.25 15 1 1 1 1 1 1
FefFp Powder 18 0 0 2 0 2 0
V705 Powder 19 0 0 1 0 1 0
CaFy Powder 20 0 0 2 0 2 0
KC1 Powder 21 0 0 2 0 2 0
Zr Chunks ~3-8 mg 13 1 0 1 0 1 0
Totals 20 13 27 13 27 13
. | R — —— pre——
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