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ABSTRALT

The metallurgical irradiation experiment at the Oak Ridge Research
Reactor Poolside Facility (ORR-PSF) is one of the series of benchmark experi-
ments in the framework of the Light Water Reactor Pressure Vessel Surveillance
Dosimetry Improvement Program (LWR-PV-SDIP). The goal of this program is to
test, against well-established benchmarks, the methodologies and data bases
that are used to predict the irradiation embrittiement and fracture toughness
of pressure and suppoirt structure steels. The prediction methodology includes
procedures for neutron physics calculations, dosimetry ang spectrum adjustment
methods, metallurgical tests, and damage correlations. The benchmark experi-
ments serve to validate, improve, and standardize these procedures. The
results of this program are implemented in a set of ASTM standards on pressure
vessel surveillance procedures. These, in turn, may be ured as guides for the
nuclear industry and for the USKNRC.

To serve as a benchmark, a very cavefuil charvacterization of the ORR-PSi
experiment is necessary, both in terms of neutrvon flux-fluence spectra and of
metallu~gical test results. Statistically determined uncertainties must be
given in terms of variances and covariancies to make comparisons between
predictions and exg rimental results meaningfel. This report supports
analysis of the PSF B8lind Test and provides experimenta) conditions, as-built
documentation, and PSF physics-dosimetry results for the Startup, SSC-1, and
SSC-2 experiments,
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Results of measurement and calculational strategies outlined here will be
made available for use by the nuclea» industry as ASTM standards. Code of
Federal Regulations 10CFRS0 (C83) already requires adherence to several
ASTM standards that establish a surveillance program for each power reactor
end incorporate metallurgical specimens, physics-dosimetry flux-fiuence
monitors, and neutron field evaluation. Revised and new standards in
preparation will be carefully updated, flexible, and, above all, consistent.

This 15 the second of six planned NUREG reports on the ORR<PSF Experiments
and B1ind Test, Summary information ca each of these six documents follows:

g Gﬁga 3320
sics-Uosimetry-Metallurgy Experiments:

xperiments Summary m est Results - W. N, McElroy, Editor

Inis document provides PSF experiment summary information and the results of
the comperison of measured and predicted physics-dosimetry-metallurgy results
tor the PSF experiment. This document containg (in an appendix) each final
report of participants,

Vol. ¢ (This Document)
Ps¥ thrggg Experiments - W. N. McElroy and R. Gold, [ditors

Heyond scope of title, this document supports analysis of the PSF Blind Test
and provides experimental conditions, as-built documentation, and PSF
physics=dosimetry results for the Startup, SS5C~1, and S5C-2 experiments.

vol, Date Published: October 198’)
PSF Physice-losimetry Program - W. N. Mctlroy and R, Gold, Editors

ceyond ccope of title, this document supports analysis of the PSF Experiment
énd Blind Test and provides experimental conditions, as-built documentation,
and final P5F physics-dosimetry results for SSC, SPVC, and SVBC.

Val, 4 (Date Published: November 1987)
PSF Metallur ray Program « W, N, Mctiroy and R, Gold, Editors

Beyund scope of title, this docutient supports snalysis of the PSP Experi-
aments and d1ind Test and provides expe imental conditions, as<built documenta-
Lion, and tinal metallurgica! data on measured property changes in different
pressure vessel steels for 55C<1 and <2 positions, and the (S5PVL) simulated PV
iocations at the 0«1 (inner surface), 1/4-1, and 1/2-1 positions of the 4/12
Wi BY wall mockup.  The corresponding SS5C-1, S5(-2, and SPVC locattons® neu-
Lron exposureés are 2 x 10, A4 x 1002, 48 x 10'Y, g 2 10'Y. and a1 x

10" nfeod, respectively, for a «550°% irradiation temperature. [t contains
ani/or references avatlable damage analysis results for SVEC using the Vol, &
metallurgical data base,
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§.0 SUMMARY

W.N. McElroy, R, Gold (MEDL)®, F.B.K. Kam (DRNL), A, Fabry (CEN/SCK),
D, McGarry (NBS) ", M. RAustin (RRRA), and W. Schineider (KFA)

$.1 INTRODUCTION

The first Simulated Dosimeir¥ Measurement Facility (SOMF 1) "Startup® and two
Simulated Surveillance Capsule (8SC-1 and SSC.2) "Metallurgical® experiments
at the Oak Ridge Research Reactor Poolside Facility (ORR-PSF) are three of the
series of benchmark experiments in the framework of the LWR Pressure Vessel
Surveillance Dosimetry Improvement Program (LWR-PV-SDIP), Fig. S.1 (Mc@7).

The goal of this program is given in the Forward of this document.

An important aspect of the program 15 to test the methodologies and data
bases presentiy be!ng used to predict the irradiation embrittlement and
fracture toughness (E&FT) of PV steels in commercial power reactors it the
end of their service life and to determine safe operating limits for the
steels, This includet testing of the procedures for neutron physics
calculations, dosimetry and spectrum adjustment methods, and damage
correlations. The benchmark experiments in the framework of the (WR-PY-LDIP
serve Lo validate, improve, and standardize these procedures. The results
of this program are implemented in a set of ASTM Standards (Fig. 5.2) an PV
surveillance procedures, which are in various sta?es of completion (Mc87),
These, in turn, may be used as guide: for the nuclear industry and for the
regulatory procedures for the NRC.

The ORR-PSF experiments were specifically designed to simulate the surveillange
capsule-PV configuration in power reactors and to test the validity of the
procedures that determine the radiation damage in the PV from test results of
surveillance capsules, Emphasis was on radiation [8FT of PV steels and on
damage correlation to test curvent E&FT prediction methodologies. For this
purpose a PSF metallurgical Blind Test was initiated (Mc83d,Mc84b, McBSb).
Only the information normally contained in surveillance reports was aiven to
the participants. The goal was to predict from this limited information the
metallurgical test results in the PV wall capsule, Of particular interaest

was what effects, if any, differences in fluence rate and fluenc. spectrum in
the surveillance capsule and in the PV wall might have on the E&FT predictions
(Mc8Sb,McB6 , McB7d McB7F) .

To serve as benchmarks, careful position dependent characterization in terms
of neutron fluence spectra, fluence rates and metallurgical test results was
necessary for each of the ORR-PSF experiments: SOMF 1, 2, 3 and 4; SSC-1;
§5C-2; SPVC; and SVBC. In addition properly aeterminied uncertainties were
needed in terms of variances and covariances to make comparisens between
pradictions and experimental resolts meaningful. Detailed descriptions of
the PSF SOMF 1, SSC-1, and SSC-2 Expériments and *° ir results are veported
in this RUREG/CR-3320 report.

®TWN McETroy is President of Consultants and Téchnology Services and
R Gold is Presidént of Metyology Contrel Corporation, bhoth in Ricihland, WA,
** Renamed the "National Institute of Standards and Technology”.
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5.2 NEUTRON_PHYSICS CALCULATIONS

Differences among measurements and calculations for the PCA (Pool Critical
Assenbly; for low power studies) and PSF (Poolside Facility: for high power
studies) have generally been in the 10% to 20% range. Somewhat larger
differences between measurements and calculations have been noted for
comparisons that include transport through several inche: of iron and for
particular dosimeters,

Resuits reported herein are related to the startup experiments at the PSF.
The geometry and components used for this experiment are essentially equivalent
to the PSF described in Section 1.1,

The results of calculations gerformmd by ORNL and RR&A are discussed and/or
referenced in Section 4.0. ORNL utilized a flux-synthesis technique based on
three calculations (MaB2i,MaBd4a). The source term was obtained from a three-
dimensional diffusion theory calculation as reported in Section 1.2,
Discrepancies between measurements and calculations relative to the startup
experiments are within expected ranges based on previous evaluations (1.e.,
PCA, Refs. McB1 McB44 M B4F), known uncertainties associated with nuclear data,
measurements, and applicable computational methodology.

Calewlation of the PSF 4/12 irradiation facility was accomplished by KHA
using both the ANISN and MCBIND techniques. These RREA ANISN (1-D) and MCBEND
{3<D Monte Carlo) results ?rovide a further basis for comparisen and
verification of the overall reliability of the ORNL and RREA calculational
results. The RRAA calculational results are used in Section 5.2 for a
consistency analysis of the mezsured reaction rates in the UK dosimetry for
the 18 day startup and the SSC1 and 55C2 experiments, They are also used in
Section 6,1 in the derivation of recommended exposure parameter values for
these experiments.

$.3 DOSIMETRY AND SPECTRUM-ADJUSTED RESULTS FOR THE PSF EXPERIMEN]S

for the PSF Startup fxperiments, Saclay (C.E.A) Graphite (G.A M. T.M) and
1ungsten {W) Damage Monitor (DM) exposure parameter vaiues far four positions
(S5C, OT, 1/47, 1/21) are presented in Se-tion 2.2. A low power PSP startup
experiment run was made for these French DM irradiations in order to avoid
excessive heating on the G.AM. 1. monitors  These experimentally derived
graphite and tungsten damage/activation »,-ios are dimensioniess quantities
that are to be used with mez:iured nickel fluences to derive damage fluences
(E > 0.1 and ).0 MeV) and dpa in iron.

As discussed in oection 3.0, the PEF startup experiments afforded an idea)
apportunity for the intercomparison of the results of radiometric (BM)
dosimetry measurements by » large number of program participants. While the
agreement Amon? the majori of the laboratories was, most often, satisfactory,
with non-fissile dosimeter results generally falling within &% and the
fissionable dosimeter results falling within 10%, wmprovement s stil) reguired
{See Table 3.6 on ldentification of Preblems) to routinely meet accuracy goals
of the LWR-Pressure Vessel surveillance physics-dosimetry,
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5.4 COMPARISON AND EVALUATION OF PHYSICS DOSIMETRY RESULTS AND DATA

Physics-dosimetry analyses of the PCA and PCA Replica and the PSP experiments
followed by the application of neutron flux-spectral adjustment procedures and
sensitivity analyses have been perform at HEDL, ORNL, CEN/SCK, RR&A, AfRE-

Winfrith and other participating laboratories.

Under ideal ized environmental conditions (benchmarkz. modern cumputational
technigues are currently capable of predicting absolute in-vesse! neutron
reaction rates per unit of reactor power to within 15% (one-sigma), but
generally, not to within 5% (one-sigma). This s a great improvement compared
with the situation prevailing a few years ago, befure the PCA and PSF
experiments were undertaken, where factors of twe or more differences between
FSAR predictions and surveillance capsule measurements were not uncemmon,

The achievable accuracy will be markedly less, however. in applications to
actual nuclear power plants,

For the PCA, the results of the consistency analyser by HEDL, OBNL and RRAA
indicate that the reactor physics calculations appear to be biased on the low
gide and differences outside the derived one-sigms uncertainties were observed
in seme cases, Comparisons of derived exposure parameter valoes in the Py
block show differences between the three laboratories of up to 12%. No
consistent bias between the results exists, when all the PCA configurations
are consideved.

For ORNL studies, and as previously stated, differences among measurements and
calculations for the PCA and PSF have generally been in the 10% to 20% rance.
Somewhat larger differences between measurements and calculations have been
noted for comparisens that include transport through severa) inches of {ron
and for particula, dosimeters. Discrepancies between measurements and
calculations relative to the PSF startup experiment are within expected ranges
based on previous PCA evaluations, known uncertainties associated with nuclear
data, measurements, and applicable computational methodelogy.

For RR&A studies, overall the results obtatned by bath the ANISN and MCBEND
calculations achieved two of their main objectives: To provide (a) accurate
neutron spectra for the analysis of dosimetry measurements made on the
metallurgical PSF 4/12 irradiations and (b) scoping values of reaction rates
and neutron fluxes throughout the experimental array. The underprediction by
about 10% of reaction rates using the MCBEND technique was, however, something
of a disappointment, given the success of the recent reanal ysis of the PCA
12/12 "Blind Test" using the same technigue, Nevertheless, these results

were not inconsistent with the lTevel of stochastic uncertainty achieved,

which was necessarily limited by economic considerations. In that gense ihe
MCBEND technique does provide more realistic and reliable estimates of reaction
rates and fluxes than can be achieved by purely deterministic {i,e., ANISN

and DO1) transport calculations whose uncertainty is entirely unquantified

and where good agreement can often only be achieved after a judicious amount
of "a priori” benchmarking and “&d hoc' synthesis.

To advance PV neutron transport methsdology, more complete answers must be
found for a number of existing inconsistencios between measured and caleulated
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reactor physics parameters for the PCA, PSF, VINUS, NESDIP and PWR and BWR
cavity and surveillanc> capsule experiments. These inconsistencies are
identified 1a Section 5.1,

ORNL reviewed the apparent C/[ inconsistencies for the NESDIPZ and NESDIP3

benchmarks, and found that if the AERE-Winfrith measured spectrum is folded

with the reaction cross sections used in obtaining the calculated activities,

the resulting agroamcnt with the measured activities is excellent; this lends
reat credibility to the measured spectrum, measured activities, and the
osimetry cross-sections,

To better understand the rassons for some of the inconsistencies between
calculated and measuved "throvgn PV wall” quantities for the PCA and PSE
benchmarks, HEDL has fit an exponential function [of the form (0t) = (0t)
oxp(wbr} to PCA, PSF, and Cundremmingen through »all dosimetry derived f?ux
and/or fluence results, The least-sguares derived exponential b-value for
the PCA s aboul 6,3% higher than that observed for the PSF  Some differences
hetween the PSF and PCA results should be anticipated because of differences
that exist in these two PV mockups,

For Gundremmingen, a very preliminary b-value was obtained using fission
spectrum derived values of fluxes that are based on EGEG-Idaho 54Fe(n,p)54Mn
through wall activation measurements. Here again, an exponential
representation is found to be an excellent fit to these data. 1t would be

of considerable interest to repeat the Gundremmingen analysis using dosimetry
adjusted flux (£ > 1 NGV; values and to perform a similar analysis on measured
5aMn activation results from trepans that might be removed from the
Shippingport PWR reactor vessel; presently, the only Shippingport steel
specimens that are available are those that have been taken from tropans

that were removed from the reactor chield tank,

A study of the consistency of the b-vaiues for the PCA Replica, the other five
PSF eérperiments and Gundremmingen should be accomplished. Such a study is
needed to determine if there are any benchmark-to-benchmark undefined
systematic differences that might be detected by differences in the b-values
between the results of the PCA, PCA Replica, the seven PSF experiments and
Gundremmingen .




1.0 Fﬁ RIPTION OF THE EXPERIMENTAL FACILITY - SUMMARY
. '. iller i

The Oak Ridpe Research Reactor (ORR) is designed #0 that one face of the core
is in close proximity to ar open pool with an alumicum plate (window) separat-
ing the reactor core from the open pool. Several experimental facilities have
beea located in the poc! next to the aluminum window for performing irradia-
tion studies, The Poolside Facility (PSF), installed for the LWR Presaurs
Vessel Surveillance Dosimetey Program, was used in performing the PSF Startup
Experiment in the Fall of 1979, Results from measurements and calculations
are reported by Williame (Wik2) and Maerker (MaBéa)., The specific confligura-
tion of the PSF for the PSF Startup Experiment is described by Williams (Wi#2)
and Section l.]1 of this report., Detuils of the PSF, as well as its locatisn
relative to the ORR core, Mare described in Section 1.1,
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1.1 E!Y%lgek DESCRIPTION OF THE PSF
‘ . 1‘[0?

The Pool Side Facility (PSF) is 4 versatile irradistion facility located in
the pool adjacent to the ORR at ORNL and is designed specifically to accomno=
date ftunctional objectives of the LWK Pressure Vessel Survelllance Dosimetrey
Improvement Program. One of these objectives l¢ to ganerate a variety of
radistion savironments characteristic of comnarcial LWKs in which metallurgi=
cal test specimens can be irrediated, This s accomplished, in part, by
allowing one to vary the distances between the followiag conponents:

' the alumiaum window adjacent to the reactor face 4nd the thermal shield
(T8), and

2, the 19 and ‘he pressure vessel simulator (PVE).

Other objectives obtalned by the PSF include maintaining a specified tempora~
ture environment for the metallurgical test «pecimens and providing & stable
structure that ensures accurate positioning of major components throughout the
irvadiation time period,

This report is limited to the description, measurement results, and analysis
of §8C~1, $80+«2, and the PSF startup characterization experiméut, Thus, this
section, the physical description of the PSF, consists of a general descrip-
tion of the facility along with soms detalls relative to §8C=1, 85C-2, and the
PSF startup characterization experiment.

Figure 1.1.1 illustrates the major features of the ORR and the location of the
PSF experiment, Note that the PSF is adjacent to an alumisum vindow which
forme an integral boundary with the ORR pressure tank, The aluminum ¢indow {s
ad jacent to the reactor lattice shown in Figure 1.1.2 and is nearly trans-
parent to neutrons that leak from the ORR core. Exploded viecas of the PSF arve
given ia Figures 1.1.3 and 1.1.4. The retraction mechanism shown in Figure
1.1.3 is used to move the entire support structure, along with the capsules,
away from and toward the aluminum window, This capability allows the irvadia=
tion capsules to be retracted from or inserted into the ORRK trradiation field
as required by operational ctonsiderations, The notches in the support &truce
ture, shown in Figure l.l.,4, adjacent to the PVS aliow for visual inspection
of the distance between the PVS and Ts5, Exact positioning is accoaplished by
bolting the PVS supports to the carriage structure as illustrated by ORNL
Draving M11501<0R~10D, Dowel pins located in the rigid support etructure
detovrmine the distance between the T8 and aluminum window, These pins are
engaged when the opper support structure, shown in Figure 1.1.3, 18 inserted
toward the reactor with the retractor mechanism, Assembly, fabrication, and
positianing details are provided by the ORNL drawing series MI1501-0R,which is
avaiiable from central files at ORNL,
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1.2 CALCULATED CORE POWER
L. F, Miller

The core power and neutron source distributions were calculated by Williams
(WiB2) in order to perform transport calculations for the analysis of the PSF
Startup Experiment., Results from the transport calculations were obtained by
Williams (WiB2) and Maerker (MaB4a), but they did not document the fixed
source for subsequent comparative calculations. Thus, the fixed neutron
source used in these calculations is reported herein,

The core loading (151-A) at the beginning of the fuel cycle, during which the
dosimeters wer~ irradiated, is shown in Figure 1.2.1, Middle-of-cycle (MOC)
burnup and control rod conditions were used to define input to the diffusion
theory code VENTURS (VoBl), however, since the irradiations were performed
during the last 18 days of the fuel cycle, These conditions were obtained by
an auxiliary code, VIPORR, which generated applicable input for VENTURE.

Be Be Be Be Be Be Be 9
; Be Xe 24g | HT 265g | 1586z | Be | 8
¥ 21g | 2658 | Al 178g | MFg 199g | Be | 7
v | 200 | 77g | 17eg | 137g | 157 | vz | me | 6 :
vo| 2658 | 2398 | 176g | 1575 | Al | 26z | Be | 5 .
S | ag | 1rg | 1teg | 138g | 1575 | s3g | me | 4 \
. 21g | 265 | Al | 1748 | A1 | 1655 | se | 3 M
. Be | 196g | 208g | 157g | 2655 | 157¢ | Re | 2

Be Be Be Be Be Be Be 1

A B C D E F G

ROW

FIGURE 1,2,1. Tllustration of Core Loading and Locations by
Row (Alphabetic) and Columm (Numeric) Relative
to the PSF Experiment and Core Orientation,
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Resulte from the three-dimensional neutron source distribution are available
on 4 mass-storage unit at ORNL and will be distributed for requests relevant
to LWR dosimetry program objectives, However, it is not expected that the
three~dimensional distribution will be used, since transport calculations
typically require two-dimensional input, In particular, two-dimensional ver-
tical and horizontal neutron source distributions are used as input for twe
two-dimensional transport calculations, Results from the horizontal and ver~
tical transport calculations are used in a flux-synthesis technique (MaB4s) to
obtain three~dimensional neutron~flux distributions external to the reactor
core, Thus, the two-dimensional horizonisl and vertical source distributions
are reported herein,

The neutron source distributious Jisted in Tables 1,2,]1 and 1,2,2 are obtained
by integrating the three-dimensiounal distribution in the appropriate trans-
verse directions, In particular, the horizontal distribution, given by Table

1.2.1 16 defined by
Syix,z) 'Iiys(x,y,z) :

The vertical distribution 1s given by

v
Syly,2) -J/;xs(x,y,z) a

(¢

Note that the coordinate system used for the VENTURE calculations designates y
as the vertical axis and z as the axis perpendicular to the experiment,

Each of the nine numbers listed in each fuel element location of Table 1.2.1
represents the absolute neutron source (in units of neutrons per square centi-
meter per second) for one-ninth of the fuel element (when multiplied by 1015)
with the ORR at 30 MW. The diffusion theory model for this calculation speci-
fies a three-inch square pitch for the fuel elements., Thus, each number
listed specifies the average source strength ln/(cmz-s)] over a one-inch square
area.

The nine numbers listed in each square for the vertical distribution, shown in
Table 1,2.2, have the same units as those listed in Table 1.2.1 and represent
the same area. The axial profile is broken into one-inch segments and the
fuel elements remain on a three-inch square pitch,

Tables 1.2.1 and 1.2.2 (in conjunction with Figure 1.2,1 and with the physical
description given in Section 1.1 of this report) should provide sufficient
data and descriprive information for analyzing the PSF startup experiment and
for performing relevant transport calculations,
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axis of the experiment to obtain the values listed.

values listed be multiplied by 1013 to obtain n/{cm?-s).
source distribution is integrated over

the horizontal transverse direction perpendicular to the
Note “hat the "A" row faces the PSF experiment.

The three -dimensivpal neutron volumetric

e

T T P ——



2.0 PSF_STARTUP CHARACTERIZATION PROGRAM - SUMMARY
K. N. McElroy

An 18-day Simulated Dosimetry Measurement Facility (SDMF-1) "Startup
Experiment” with dummy metallurgical capsules containing only dosimeters was
perfurmed prior to the two-year "PSF Metallurgical Experiments" to accurately
determine the irradiation times needed to reach the target fluences.,

As discussed in Section 3.0, the PSF stertup experiments afforded an ideal
opportunity for the intercomparison of the results of RM dosimetry measurements
by a large number of program participants.

The startup experiments were also used to test the accuracy of ORNL and PRRA
reactor physics calculations. Comparison of dosimetry results between the
startup and the two-year PSF experiment showed significant differences, which
were traced to differences in core loadings (MaB4b,ToB2a.Mc87c). A new set
of transport calculations (described in Section 1.3 of Ref. Mc87¢) was
parformed to account for 52 different core loadings for the two-year
experiment .

Not including the SDMF-1 and other startup tests, six test irradiations have
been performed in the ORR-PSF Benchmark Facility in support of the NRC LWR-PV
Surveillance Nosimetry Improvement Program, These tests are identified in
Appendix A of Ref. (Mc87c). Sections 2.1. 2.2 and 2.3 of this report provide
information oa Radiometric (RM), Graphite (G.A.M.1.N.), Tungsten (W), and
Sapphire (SDM) Damage Monitor (DM) measurements performed by program
participants.

As stated by A. Fabry (Fa82), the PSF "Startup Characterization Program"
involved three steps:

“I. A simplified mock-up at the PCA (PCA 4712 SSC), in which have been
systematically applied the large array of passive and active, integral
and spectrally-resolved techniques used in support of the PCA "Biind Test”
(Hc81); this includes the Belgium silicen damage monitors and absolute
core power based on experimental fission rate maps.

2. A series of dedicated ORR irradiations at low and intermediate power
in an "exact duplicate” of the PSF 4712 55C metallurgical configuration;
the sensors exposed encompass (a) the radiometric 103Rh(n,n ),
115I0{n,n*), 58Ni(n,p) and 27A1(n,a) reactiens extensively used at PCA
(under 1 above and 1n Ref. Mc8]) and BSR (HSST dosimetry mock-up, Ref.

KaBib), and (b) the French graphite and tungsten damage moniters (A182b).

Pawer normalization relative to the next step.

3. An 18 day high power run (To82a) in the above 4/12 SSC duplicate; all

high fluence U.S. and European neutron dosimeters have been exposed,
fncluding the UK sappkire damage monitors (Pe8?); many laboritories

participated; core power; and ORR heat balance.”
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2.2 GRAPHITE AND TUNGSTEN DAMAGE MONITORS MEASUREMENTS
A. Alberman, M. Benoist, and M. Thierry

2.2.1 Introduction to damage dosimetry technique
£:8:3:1 Gen: "al background

Most damage parameters as : d.p.a., fluence (F > 0.1 Mev) cannot be derived
directly by customary neutron fluence measuiements. Fast neutron reaction
thresholds are generally too high (1 Mev or more) for direct damage
anal_sis, and computer codes (spectrum adjustment procedures) must be
developed to infer fluence in the relatively un-measured energy range

below 1 Mev. It is mandatory that damage measurements be made for code
validation, and to determine their limitations when applied to "distorted”
neutron environments. Distortion is a suitable word for pressure vessel
spectra when, as shown later, most damage (up to 80 %) is caused by neutrons
with $nergy below 1 Mev depending upon the location inside the pressure
vessel,

8.2:1.2 Damage dosimetry

The preceding reasons led the Services des Piles de Saclay of Commissariat
2 !"Energie Atomique (C.E.A) , over the past 10 years, to develop damage
dosimetry techniques using the OSIRIS reactor, its neutronic mockup ISIS,
and surrounding facilities. The dosimetry strategy is to calibrate a
material property change versus a fast neutron threshold reaction.

Damage monitor material selection resulted from the following statement:
measurement of the subsequent property changes of test reactor dosimetry
materials is most convenient if made at room temperature, by accurate means.
But at room temperature, most point defects created by neutron bombardment
are mobile (particularly self-interstitials) and can lead te recombination,
non-linearity in measurement, etc. Since refractory metals can fulfill these
requirements, graphite and tungsten were finally selected. The most
convenient physical property measurement is electrical resistivity whose
1ncreased rate after irradiation is reported versus neutron fluence. Nickel

s selectgg as the activation detector for two reasons: 1) the well known

Ni (n,p)?%Co cross section for fast reactor ? 1mY§ry and 2) a reaction
rate suitable for the damage monitor range (10 n+cm ¢). The
experimental damage/activation (DAR) ratio is then determ:aed Tungsten is
representative of damage in structural metals,

2.2.1.3 Damage monitors

Graphite (G.A.M.I.N) and Tungsten (W) monitors shown in Figure 2.2.1 are
designed for experimental device loadings (low-power runs or mock-ups),
Their miniaturization allows measurements at numerous experimental points
with resulting good accuracy. Their main characteristics are given in Table
Zigé]. More details on these technigues are given elsewhere (Ge?75. A177,
A179).






Special application to pressure vessel surveillance program {DOMPAC) was
carried out (A183), In particular, french PV steels have been aualified by
these technioues. It must be pointed out that resistivity measurements are
performed in Saclay.

TABLF 2.2.1
DAMAGE MOMITORS CHAPACTEPISTICS

G.AM.I.N, TUNGSTEN
Sample/Al container
. Length 4% / 55 mm 31 / 39 mm
« Outer diameter 2.85 / 5§ mm 57 6.5 mm
Resistor type 4 contacts 4 contacts
Typical resistance
value at 25°C a0 mi; 1o
Temperature ranoe 30°C ~ 180°C 30°C - 300°C
Temperature dependance yes no
AR/R min, max 1% to 15 % 0.4% to 0,4 %
?:'?:3“?“"“ e §.10° < g.< 107 7.10° < g< 7.10°
Accuracy 1a+<3% (5 samples) 1o <5 % (6 samples)

2.2.2 Experimental results
2.2.2.1 Experimental conditions in the PSF

Three locations: surveillance, 1/4 and 3/4 thickness have been qualified

by damage monitors in the PSF dosimetry capsule. A special plug was designed
for the PSF and loaded at Saclay. This de:ign positioned the W and
G.A.M.I.N. monitors, surrounded by mild steel (see Figure 2.2) next to

the core midplane. The plugs were equipped with thermocouples for G.AM. 1IN,
temperature measurements and there was an elastomer gasket on top.
Experimental conditions are given in Table 2.2.2. A low power run was
requested to avoid excessive heating of the G.A.M.I.N. monitors.

2.2-3

T P RN SRR RN R raeSe———=—"y

W T ae——



CAMIN

; —
g e, —
: e —
‘.»\0‘. -

R e e

1.‘

- -

»
z
-
o
=




il il G.AM 1IN, results

Experimental graphite damage/activation ratio
-7 _a R/RC
r=10
N1
is given per each G.A.M.I.N. monitor in Table 2.2.23 :

AR/RE: raphite resistivity increase after linearization
IS1S standard procedure)

A~1 0 g ”Ni number of (n,p) reactions per target atom
By : nickel equivalent fission fluence (average of 2 foils)
¢ 58

Opg ™ 101 mbarn : average o Mi (r,p) cross section over the fission spectrum

TABLE 2.2.3
G.AM. T.N. RESULTS

N® « pmt -15 -
Container GAMIN Position A R/R ﬁwi.lo r r
(%) (n.cm'z)
40 @ 7.019 10,24 6.784
41 b 7.234 10.00 7.162
A SSC 4?2 c 6.618 9,75 6.717 7.00
43 d 6.077 8,39 7.171
a4 3 6.479 8.95 7.164
45 a Q.18] 10.20 8.912
46 b 9,249 10,34 8.852
B 17847 47 ¢ 8.744 9.21 9,400 9.24
31 d 8.355 8.59 9.630
32 © B.674 9.11 9,427
33 a 5.663 2.27 24,70
34 b 6.109 2.50 24.19
C 3747 35 ¢ 6.724 2.79 23.86 24.16
36 d 6.350 2.66 24 .45
37 e 5.828 2.36 24 .45
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Fig. 2.2.3 Tungsten “s" / graphite “r" responses in PV simulators

The proportionality constant was found independant of spectra selection
according to THOMPSOM-WRIGHT model for graphite and “"tailored” d.p.a. model
(A182) for tungsten.

Effective thresholds found by intercomparisons are :

ﬁG v f (E > 0,075 MeV)

tw g (E 0.3 MeV)

Damage analysis in tungsten is a very interesting topic, from the point of
view that By is fairly close to ffe {steel damage fluence). It is possible
to assess the W monitor response with respect to neutron energy after
G.A.M.I.N. monitor response cross correlation.

Table 2.2.6 outlines the relative amount of damage produced in the three
positions. It appears clear that over the pressure vessel thickness, the
present damage analysis is certainly conservalive, whereas usual fluence
{E » 1 Mev) can be misleading.
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TABLE 2.2.€
RELATIVE W MONITOR RESPONSE

Measured damage percentage DAR relative to SSC

10 keV 100 keV 1 MeV 10 MeV W /M vV /8> 1 MeV

A SSC 6% 532 a1% 1 1
g 1/4 17 9% 56% 35% 1.18 1.19
c 3/41 8% 724 20% 3.25 1.98

- % s Exposure parameters in PV steels test positions

The simultaneous use of C.A.M.1.M., and W damage monitors provided accurate
determination of neutron environments. Correlations have heen derived in
many reactor test positions (A182). Exposure parameters such as £ 0.1 Mev,
p> 1 MeV, and d.p.a. (=835.10"°" P, ) are eciven in Table 2.2.7 with respect
to nickel fluence in the four PV steels irradiation positions. Of course,
these damage/activation ratio are dimensioniess, actual damage fluence are
to be obtained directly by means of nickel fluence adecuate measurements.

TABLE 2.2.7
EXPERIMENTALLY DERIVED EXPOSURE PARAMETERS

Posiviun $5C 01 1/4 1 127
Lo e R o T 5 i Ly Y T et
st I 0.98 0,88 .08 .38

i
—'-‘E-‘"-éfs—'ril 2.01 1.73 2,42 1,60
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Reaultn and Anal sis of UK Activation Nogimet ry
’ pa ‘,rgctcrfhntien Program

3 ' - Associates Lid,, UX);
A. J. Fudjie (AERE Harwall, UK)

2¢3:1.1 ll\rttf)duc’tiﬂn

Rolls~Royce & Assoclates Ltd,, in collaboration with AFRE, Harwell have
provided neutron dosimetry packs for inclusion in hoth the 18~-day full power
dosimetry/thermal characterisation irradiation run and the metallurgical
capsule irradiations fn the ORR/PSF 4/]12 LUR Pressure Vessel Simulator,

These linve included a wide varletv of neutron activation detector materials
as well as sapphire direct damage montters. The principal neutron activation
rates of interest were as fo)lows:

Nogimeter Neutron Reactinn
b 93Nh(n n*) Py
Ni S\u(n p) 8oy
Fe 5*Fe(n,p) Syn
T 467 (n,p) 46s5e
Cu F'BC'tu n,%) Ay
Co/Al 90atn,§) B0¢o
Fe 5K Fe(n,f) e

This report describes the experimental desipgn and measurement and analysis
results of the Rolls-Rovee & Associates Ltd, neutrean activation dosimetry
carried out in the ORR/PSF (4/12) characterisation propramme; in which both
AERE HMarwell and AFE winfrith activation measurements are discussed., Results
of the rapphire direct damage monitors e posed simultaneously in this

irradiation are described in Sections 5.2 and 6.1; also, Section 2.6, Ref. McB7c.

2.%.,1.2 Experimental Posimetry Capsules Preparation

- Rolls-Royee & Associates Ltd, supplied ORNL with & dosimeter packs (see

Fig. 2.3.1.1) contained in stalnless steel capsules which were prepared hy
AFRRE Hiarwell In the following mannar,

-hises of meral each 2.9mm in diameter are punched from pieces of fofl 0.25wm

thick obtained in & pure form from either Soodfellow Metals (UK) or Materials
Research (UK), The materials used are nickel, fron, titanium, niohium and
cappers Uobalt (2 alsa wsed ag a cobalt/aluminium alloy (0,745% Co) in the
Fovev of a wire Ront inte rings. The folls and rings are weighed and placed
fx a "standnrd’ stainless steel capsule, TIn a 'staadard® capsule a sapphire
damage monitar (50 is erapped to alominium foil and alse placed in the
stalnless stesl capsnle on top of the metal foilss The volds between the

SPM and the cansole ar  packed with crumpled aluminium foil to ensure goeod
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thermal contact bhetween the savphire and the capsule. The e.d cap is then
secured onto the capsule by electron beam or argon arc welding, The sealed
capsule welds are then dressed to ensure that the diameter is no greater
than bmm (Qee Fig. 2.30]01)0

The contents and weights of activatlion materials incorporated in these
capsules are shown in Table Z,3.1.1,

Capsule Location and Irradiation

The capsules supplied by Rolls-Royce & Associates Ltd, were located within
the DRR/PSF (4/12) LWR simulator by ORNL according to the specification
given in Table 2.3.1.2 and as in Figure 2,3.1.2, an. the irradiation of
capsules began on l4th October 1979, The irradiation continued for 18 days
and the reactor was shut down on l4th November 1979, The time and power
histories of the irradiation are shown in Tables 2.3.1.3 and 2.3.1.4. After
{rradiation the dosimeter capsules were returned to AERE Harwell for

activation analysis.

2.3.1.3 Activation Measurement Techniques

Following frradiation, the dosimetry capsules were dismantled and the
activity on each of the dosimeters was measured first by AERE Harwell and,
subsequently, also by AFE Winfrith, Fach material was identified by a
suitable means and all the various folls and wires (except niobium) were
counted without chemical preparation on a Ge(Li) detector,

Table 2.3,1.1 = Contents of Rolls-Royce & Associates Ltd.
Nosimeter Capsules Irradiated in the ORR/PSF
T8<Day Nosimetry Characterisation Run

Monitor Weight (mgs)
Capsule Number

Monitor i 2 3 4 5 f
Material

Fe l 18.03 16,76 19,32 17.09 18,78
Cu ! 22.72 21.80 21,82 20451 20,87
Ni Not 20.35% 20,72 20,36 21,80 215202
Ti Used 10,91 1107 10,11 10.51 104
Ca/Al * 3.50 3313 3,82 3.26 3,00
Nb 0.58 Db D44 0.48 J 0.57
Locatien - LT (offset) §8C b + T E T

4 1

* Oo/Al wive contained 0,743% Co by weight
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Niohium Hunlgganent
,ig‘:he case of the nloh%gg folls, the reaction of Interest was "Nh(m.n')
N

, aud were Atalysed separately again uninﬂ tha GAMANAL rode,

Nb, However, since """Nb {8 a weak (16 keV) X=-ray emliter only, f{t

suffers from severe self-shielding in metalliec form, and in addition

flaprescence from contaminating tantalom atoms @s‘gou interference in
measyrement, Thus Lt was not passible to eount Nt wsing the same

methods emplayed for f{ron, nickel, titantum etcs Instead the method
developed by CEN/SCK, Mol, Relgium was adopted (To 80) in which the niobium
folls were dissolved and very thin (= 0, ngm/cm®) s~irees prepared on

filter paper for counting at a distance of 50mm from a high purlty germanlum
X=ray spectrometar, However, the level of activity from the total of 0,5mgm
of nfohium in edch deposit wus low and the accurate determination of the
dhgolute value of this activity required the use of an X=ray spectrometer
with a high sensitivity to low energy (wié KeV) X-raye, In order to do this
the high purdty germanium Yeray spectrometer was calibrated using absolutely

calibrated radia-active sources, obtnsgfd frnTnshe quiochemical Centre (TRC)

at Amershams The sources chosen were Thess particular
sources were chogen bacanse they fulflllud the fnlioslng eriterias=

{a) They have X=ray or pammi rdy peaks {n the reglon of {nterest i,e, around
17 ¥a¥,

(b) These peaks have sufficlently well known mader of decay te pive hranching
ratios agcurate to nhout + 2%,

(c) They have reasonahly long half 1ives of at lesst 200 days,

The standard soarces were made into thin deposits In the same way 48 for the
aleblun sanples and presented ta the spectrometer At the same position for
connting, This potition was co-axial with the alumindun fan housing the
germanium crystal, but 50 mm from the heryllium window. This distance from
the detector was chosen in order to reduce the prohabllity of sum=praks
occurring during calibrations This 12 a particular problem in this energy
rapion because of the high value aof the photo=electrie crasns-section which
iv the principal mechanfam of photon detection at these encrgles,

This rnlihrat(un methad resulted in a detector calibration factor with an
srtar of + 3,32,

Each deposit was seasured twice and a weiphted mean was taken of the niobiunm
peak areas, In all cases the agreement between the tua measurements was
gompat ible with the wrrors, The K and K Yeray peoks were all resolved,
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230144 Ac tivation Analysis

The measured activities shown in Table 2,%.1.6 and the irradiation histories

given in Tables 2,3,1,7 and 2.3,1.4 were processed by the Rolls-Royro &
Associates Ltd, computer code ADA, This code treats the power history as &
serien of timesteps and calculates the radionuelide production and decay
factor F( A, t) In

Reaction Rite = & = A

where A = moasured activity
N o= target atom number density
§ = effective reaction éross=section
# = neutron flux density
N * decay constant of radionuclide

such that the reactlon rate, @&, can be caleulated, This code allows [or
burn gx of tarqgt and product nuclides as well as hrnnchtng reactiong such
an M17%0n, )06 which have metastable products such as Co” ™, These
reaction rates are tabulated in Table 2,.3,1.8,

For the purposes of this table, the activities used in ecaleculating the
reaction rates were the mean valuzg of the AERE Harwell and AE% Winfrith
maasurements except for ""Ti n,p)*%Sc at the 1T position and "“Cu(n,n) Oge
at the 85C and {T positions for which AEE Winfrith measurements were used,
ag these appeared more consfstent with the rest of the reaction rate
neasurenents,

In an attempt to establish the validity of the RR&A dosimetry results, the
fast neutron reaction rates measured on the RR&A dosimetry packs were
compared with the fast neutron reactlon rates measured on the CEN/SCK
(Mol. HBelgium) Interlaboratory Dosimetry Packs which had been irradfated
simultanecusly, These reaction rates were measured hy OEN/SCK and also by
PTR (Braunschwely, W,Cermany) and ECN (Petten, Holland) and a high degree
of consintency was established (To R2a), Since these dosimetry packs wvers
irradiated at different axial heights, for the purposes of comparison both
the RRAA and CEN/SCK Interlaboratory reaction rate measurements were
converted to equivalent core mid~plane values hy applyving axial corrvection

factors derived from (Fa 80a) and reproduced heve in Fig, 2.3.0.3 and 10 the

fom Of T.blﬂ 2,3.].9.
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Tocation thregé%in Factor to Oore Mid=-Plane
GOVET
85C 1.0 1,08
it .06 1402
T (offset) 1.06 1,02
it 14,06 1.02
i 1,06 1,02

A smmmary of these comparisons i{s shown In Tahle 2,3,1.10, The uncertainties
in the CEN/SCK Interlaboratory measurements have been quoted as bheing similar
to those of AERE Harwell and AEE Winfrith (To #2a),

There appears to he a tendency for the RR&A dosimeter reaction rates to he on

«
"h(ﬂ““' )

uvarase about 5% higher than the CER/SCK Interlaboratory dosimeters, although

8

Cu(ngdoﬁ Co at the T and IT are up to 25«30% Wigher, whilst the
Nb are up to BI lower than CEN/SCK data, The possibility

that the RR&A copper dosimeter folls were contaminated with cobalt has heen
investigated, but cobalt levels were found to be ~ 0,1 ppm, &0 that this i
probahly not the cause of the discrepancy,

7434145 Conclusions

24

3.

Activation dosimetry measurements have been successfully made by
Rolls-Royce & Associates Ltd,, using standard AERE Harwell dosimetry
jacks and couniing methiods on the ORR/PSF (4/12) 18-day dosimeiry
characterisation run,

Intercomparison of activity measurements between AERE Harwell and
AEE Winfrith on the Rolls~Royce & Associates Ltd, Josiwmeters rvevealed
the existence of several discrepancies well outside the antleipated
errors in counting methods,

Intercomparison of reaction rate measurements made on CEN/SCE (HRelgium)
and Rolls~Rayce & Associates Ltd, (UK) dosimetry of the ORR/PSF (4/12)
18=day run indicates a blas of about +5% 1p favour of the UK measurements
when both sets of results are corrected to reactor mid=plane values.
However, thezs are aevegsl 1mp85tant cxcsg;lonv to this trend,

notably the "“Culn,u)Ca™ and "“Nb(n,n*)""™Nb reaction rates at the 47T

and 11 PVS positions, where the discrepancies are well outside the
uncertainties {n correcting data to reactor mid-plane valnes,
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2.3.1.6.1 Introduction

Within the framework of the ORR/PSF (4/12) characterisation run, ORNL
supplied the UK with some copper foils which had been irradiated in the
simulated surveillance capsule (SSC), and T, 4T and IT locations in the
pressure vessel simulator (PVS) and were part of an interlaboratory
comparison exercise., The activution measurement of these folls was carried
out by AERE Harwell in the same manner as that reported for the UK dosimeters

in Section 2,3,1 and the analysis performed by Rolls~Royce & Assoclates Ltd.,
1,

2.3.1.6.¢ Results

The activity of interest was o’ from the threshold reaction 630u(n,|060Ca.
The results of the activation measurements are shown in Table 2.%.1.11 .

Table 2:3:1.11 = Results of UK Activation Measurements on ORNL Capper
: oils Irradiated {n 0 I _ imetr

naracterisation Run
Foill Irradiation ‘Actigity (dps/mg) “Culn 4 Co Predicted Neutroa
No, Location I o™ at £nd of Reaction Rate Flux (231 MeV)
- : Irradiation reactions/atom.s n/em“/a
1 8¢ 1,169E2 2,840E=15 6.174E12
(0,99)#
3 it 8.667ED 2, 106E=16 4. 129E11
(1,01
s 4T 3.215E0 7.922E=17 1.,932811
(1,02)% |
& it 1.162E0 2,865E=17 B8.,6RIFID
(1,02)*

* Value of RRA/AFRE measurement with respect to CEN/SCK value.




1t was noted that the OPNL foils which had been supplied to the UK had
been irradlated in the same locations as those measured by CEN/SCK Mol,
Relgium and reported in (To 82a), Alsc shown in Table 2,3,1411 therefore
are the comparisons of K results to CEN/SON results, The results show
a very good agreem nt and considerably better than that for the copper
foile of UK oripin, Since the latter does not appear therefore to be
due to discrepancies in counting methods, these results would seem to
cast considerable doubt on the quality of the 'K copper source material
used in the RRA/AFRE dosimetry packs, However, inspection of Table
g53.l.10 reveals that {n terms of the UK measured reaction rates the
Culn, 80 activities are nevertheless conslstent with the other reaction
rates measured, The discrepancy noted in Section 2,3,1 therefore remains

unresol ved,
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PHIRE DAMAGE MON]TOR M
G. P, Pells, A, J. Fudge and M. J. Murphy (AERE, Harwel), UK)
and 5, Watt (Ralls-Royce and Associates, Ltd,, UK)

2.3.3.1  lntrodyction

EASUREMENTS

Detailed information on the use and results of Sapphire Damage Monitor (SOM)
measurements is provided in Section 2.6, Ref. Mc87c., The results of the SDM

measurements for the 18-day "Startup Experiment” and the "SSC-1 and S8C-2

Experiments” presented in Sections 5.2 and 6.1 are discussed and compared with
other test reactor results in Figures 2.6.6 and 2.6.8 of Ref, Mc87¢.

The conclusions of the Ref, Mc87¢c, Section 2.6, study are:

“ The optical absorption at 400 nm of aluminum vacancy centres produced by
neutren irradiation in high-purity, single crystal alphl-4730 {sapphire)
has been shown to increase in a reproducible manner with damage dose for
Irradiations at temperatures between 200-310°C in a variety of neutron
spectra. The constancy of this behavior has been used to validate the

nrocedures used to calculate the neutron energy spectrum and damage dose
in “rradiated IWR pressure vessel steels.,

The thirmal stability of the aluminum vacancy centre in sapphire and the
fact that sapphire responds to the entire neutron spectrum in & manner
similar to that of steels makes it superior to conventional, high-threshold
energy, activation monitors in irradiation locations for which g detailed
neutron energy spectrum is not available."
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aymord Gold, L. S. Kellogg, and W. N. McElroy (HEDL)

The PSF startup experiments provided a unique set of benchmarks for comparing
RM dosimetry results from many laboratories, both nationally and inter-
nationally. The geometrical scale and fluence levels of these PSF startup
experiments provided benchmarks considerably closer to (WR power plant
environments than were heretofore available. Moreover, because of the unigue
character of the PSF metallurgical tests (McB6b), many laboratories around
the wor'd participated. Hence, these PSF startup experiments afforded an
ideal opportunity for intercomparisons of RM dosimetry.

Three PSF startup experiments were used for these RM intercomparisons:

(RM-1) -~ The PSF Surveillance Capsule Perturbation Experiment [also known
as the Simuiated Dosimetry Measurement Facility Experiment 2
(SDMF2)) (BaBda, T082).

(RM-11) -+ The first PSF metallurgical simulated surveillance capsule
(SSC-1) experiment (McB4b).

(RM-111) -- The PSF 18-day high-power frradiation (SDMF1) (FaB0a),

Including the RM-1, RM-11 and RM-I11 tests, seven test irradiations have been
performed in the ORR-PSF Benchmark Facility in support of the NRC LWR-PV
Surveillance Dosimetry Improvement Program. These tests are identified in
Appendix A of Ref. (Mc87c).

Based on 1he study of the reported radiometric measurements for the RM-1, RM-
I1 and RM-111 tests, it is concluded that:

1) While the agreement among the majority of the laboratories was, most
often, satisfactory, with non-fissile dosimeter results generally
falling within 5% and tie fissionable dosimeter results falling
within 10%, improvement is still required in order to routinely
meet accuracy goals of LWR-PV surveillance physics-dosimetry.

2) A cvitical review of both analytical and calculational techniques
must be conducted on a periodic basis by all of the laboratories.

3)  Each laboratory should review and utilize, where possible, the
apprepriate ASTM Standard Methods, Guides, and Practices: maintain
system calibration and/or control documentation, and continue in
this or similar programs using existing henchmark facilities for
verifications and direct correlations,

4) Systematic problems can exist with Cu and Nb dosimeters. As
previously reported (As87), Co impurity in the Cu sensors can
seriously comprise results. As stressed in earlier dosimetry work
with Nb (ToB0), more accurate cross-section data are needed for the
93Nb(n,n’) reaction,

3.0-1
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3.1 INTRODUCT ION
Raymond Gold, L. §. Kellogg, and W. N. McElroy (HIDL)

In light water reactor (LWR) pressure vessel surveillance (PVS) work, it is
currently accepted thal the accuracy goal fur reported neytron exposure
parameters [(flux and fluence (£ « 0.1 and 1.0 MeV) and dpa] 1s the 5% to

15% (1a) range (As82,Mc81,Mc82,Ra77,Ra78). To achieve and maintain tnis
level of accuracy, reactor physics calculational and dosimetry measurement
results must routinely be in the same accuracy range or better. It has been
shown that this level of ancuracy can be obtained, but only through careful
standardization, which includes interiaboratory program work using benchmark
(vcr%fﬁcattun; ?acilities and extensive interlaboratory comparisons (Fa77,
Gr78,Gr78a,G178,McBla). Through these interlabcratory activities, systematic
blases that arise at any one laboratory can be recognized and then
(hopefully) resolved.

The use of radiometric (RM) neutron dosimetry for measurement of neutron
exposure in LWR«<PVS work 15 virtually universal, RM neutron dosimetry has
been used since the inception of LWR-PVS programs, and a nunber of ASTM
standards on this subject have existed for sometime. While two more recent
passive neutron dosimetry methods have been proposed and possess unigque
advantages for LWR-PVS work [namely, solid state track recorder (SS5TR) and
helium accumulation fluence monitor (HAFM) neutron dosimetry], the use of
these two methods in LWR-PVS work is extremely limited to date, Standards
for both of these newer methods have only recently been issued [As82b,As83a7,
tqually significant is the fact that the number of laboratories with exper-
tise and special facilities required for these two methods is very limited.
As a consequence, RM dosimetcy is the primary standard for LWR-PVS work and
probably will continue to be so for sometime,

The PSF startup experiments provided a unique set of benchmarks for comparing
KM dosimetry results from many laboratories, both nationally and inter-
nationally. The geometrical scale and fluence levels of these PSF startup
experiments provided benchmarks considerably closer to LWR power plant
environments than were heretofore available, Moreover, because of the

unique character of the PSF metallurgical tests (Mcsbbs. many laboratories
around the world participated. Hence, these PSF startup experiments
afforded an ideal opportunity for intercomparisons of RM dosimetry.

Three PSF startup experiments were used for these RM intercomparisons:
(RM«1) =~ The PSF Surveillance Capsule Perturbation Experiment [also
known as the Simulated Dosimetry Measurement Facility
Experiment 1 (S0MF2)] (Ba84a.ToB2).

(RM=11) «= The first PSF metaliurgical simulated surveillance capsule
(SSC~1) experiment (McB4b).

(RM=111) == The PSF 18-day high-power irradiatiia (SDMF1) (Fa8a).
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3.2 DESCRIPTION OF RM NEUTRON DOSIMETRY IN PSF EXPERIMENTS

The PSF startup experiments used for benchmark testing of RM dosimetry in
LWR-PV5 environments were described at the fourth ASTM-EURATOM Symposium on
Reactor Dosimetry, where interlaboratury comparisons of RM results were
initially presented (Kek?,ToBZa). PSF irradiations RM=1, RM-11, and ®hi-111
are described below in Sections 3.2.1, 3.2.2, and 3.2.3, respectively.

Special emphasis is given to the RM dosimetry aspects of these PSF startup
experiments,

3.2.1 HM«] «x PSF surveillance Capsule Perturbation ExperimentA(SDMFél

The RM=] experiment was included as an integral part of the PSF Surveillance
Capsule Perturbation Experiment (Bafida,ToB2). RM dosimeter sets fabricated
at HEUL included six replicate samples of each dosimeter and were designed
to minimize spatial effects. The design of typical capsules is illustrated
in Figures 3.1 and 3.2. Capsules of similar design but without the
gedolinium shield were also used in the first irradiation.

RM dosimeters were placed in the Thermal Shield Back (T158) and the Pressure
Vecsel Face (PVF) simulated surveillance capsules. The location of the two
Capsules are shown in Figure 3.3, Figures 3.4 shows the dosimetry arrange-
ment in eacn capsule, Those dosimetry capsules labeled HF and HNF contain
the interlavoratory comparison samples. The WF capsules contain bare or Gd
covered fissionable and Co/A) monitors, shown in Figure 3.2, The HNF
capsules have bare or Gd-covered non-fission wires, as shown in Figure 3.1,

3.2.2 RM-11 =» S5CG~1 Locgriment

Thi: RM«11 experiment was included in the first metallurgical simulated sur-
ve.  ‘elit copsule (S50+1) experiment (Mc84b). Figure 3.5 reveals that the
/& configuration was used in the SSC-1 experiment. The location of RM
dosimeters within the experiment is shown in figure 3.6. The WF comparison
g;mples were placed in Hole B-Block 38 7o¢ the HNF samples in Hole D-Block

After both the RM-] and AM-1] irradiations, the assemblies were dismantled
at ORNL and the individual dosimeter capsules shipped to MEOL. The capsules
were opened and the individual dosimeters were identified by unloading
sequence and dosimeter weight or 1D designation. A1l RM dosimeters were
counted at HEUL to determine relative normalization factors between a given
RM dosimeter and the corresponding HEDL RM dosimeter. These individua
normalization factors could then be used on a dosimeter-by-dosimeter basis
to correct for effects that might arise from:

1) Gradients in the neutron exposure.
2; Self-shielding,
3 Uncertainties in dosimeter mass.

3.2+1
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ABLE 3.2
DOSIMETRY FOIL QA DATA

Targe
Dot imeter Form - Bateh  Dlement 2.8 Isotopic ¥, S (2 0)
(wt.) 233 W 2% 23 27 2 e
By we e m, wee 888 26 8797 <o tou s oo™ s
238, 1.5 e m, Wire 962 €52 0.5 @00 @0 co'"  gom X
e  wran WO, Wire 892 w24 87.4 00005 @mos %9 @00 <0.003

The sbove fo'ls are encapsulated in 0.035° 00 venadtum capsules (<20 ppe Ta fmpurity) wa'l *hickness ~0.006",

Capsule lengths ave: 235y . g 190, 238, vve, Wnp . 0.360%,
Dot imeter fForm Batch Isotep'c Target Elemert and Tmpur ity Comtent fut g}
=4 [ Ca T4 _fo A Ac Or n 5t o m
ws®? 20 »f! Wire S.E. Naters!  Zalamce 00002 @ix < 000 ©.0002  <0.0007
(0.5] mm)

re't! 20 w1 wire 2 - 0.000"  Batemce <0 .0082 a.0018
™ ® 20 it wiee 90 3050 . 99999 <0.0002 0.0002 0.0000  G.000)

s 20 @1 wire 1S W . D008 08 99907 9.000 0000 0% 0005 0.02

(.' - b ) 5 a

Cork1'™" 20 i) Wire Shw 953 .16 Salesce

'-"f'mu‘. fsotopic andfor tmpurily ame'ignts provided Ly vendor. Asggeed errers, T.o. (7] copreseric wlwe wrror e The Tast signtficent
figures.

{%0Ga aise performed at SEDL. Velues supp!iec By ORNL were COWPivaRg within the error astiqoments. T R

'.:\)gwg;, analysis performed 3* SEDL ot?Ti2ing BCltealtor SRty is. AngTysts was not metle for ‘mpyurily products with T VR o wr,

€iCo analysis was made a1 ML by spark source meSs spRCTEERetry.
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TABLE 3.4

L TS RN SRR TR RN IR I T T R TR R R R L TARATRARRmes

LICATION OF RM CAPSULES IN IRRADIATION RM-111

IREAUTATION LOCATION

EAMI'LE

AXIAL HEIGHT AROVE MIDFLANE (mm)

8§3C

1/4 T

/e 7T

A& T

INTERLABORATORY CAPSULE
AERE/RE & A CAPSULE

INTERLABOKATORY CAPSULE
AERE/RR & A CAPSULE
FISSION DETECTORS

INTERLABORATORY CAPSULE
AERE/HR & A CAPSULE

INTERLARORATORY UAPSULE
AERE/RR & A CAPOULE

TABLE 3.5

IRRADIATION HISTORIES FOR THE 18-DAY HIGH-POWER RUN (RM-I11)

LOCATION

BEOIN EXPOSURE

END EXPOSURE

TOTAL IREADIATION

EFFECTIVE 1RRADIATION

(LOCAL TIME) (LOCAL TIME TINE (a) TIHE AT 30 MW (a)
88C  [0CT.27,1979 16n26[NOV. 14,1979 BntS|  1.5377 106 1.5105 10P
AT |ONT.27,1979 1Wh26{NOV.14,1979 Bnb3|  1.5370 10° 1.5097 108
/2 T |0CT,27,1979 21A11[NOV. 14,1979 BASS|  1.513% 10° 1.4902 106
3/ 7 06T 27,1979 21n18|NOV. 14,1979 BnsS|  4.5130 106 14898 10°
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3.3 INTERLABORATORY LOMPAR ISUNS OF RM DOSIMETRY

3.3,1 Lomparison of KM Results from lrradiations RM-1 and RM-]1

In the RM-1 and KM-1! experiments,all participating laboratories used high-
resolution Ge or Geli detectors in conjunction with 2048 to 8196 multi-
channel analyzer systems for analysis of the dosimeter gamina sp%%tra. A fow
gﬁLthe participants also analyzed low-activity reactors [e.q., °3Culn,a)

0] using Nal(T1) detectors. A1l non-fissiie dosimeters were analyzed
nondestructively, but some of the participating laboratories destructively
analyzed the fissionable dosimeters in accordance with their routine survetl-
tance of the participants due to the much higher activities of some of the

‘tersd}han the routine surveiliance sample activities normally
sred.

1al review of the individua) preliminary results from RM=1 and RM-11
funted. Outlying values were anticipated, but consistent discrepan-
large as 60% were observed. Individual discussions were held with
Dboratory participant concerning these data and the possible discres
«» that existed., Analytical and calibration techniques, nuclear param-
-<r§ being used, and corrections applied to the ohserved counting data were
reviewed. In almost all cases, one or more problems were identified, though
some were relatively insignificant., Some of the more important problems
;dgntified. and their effects on the reported RM data, are shown in Table

Final reported specific activities for the RM-1 irradiation calculated to
end of irradiation (EOI) are listed in Tables 3.7 and 3.8 (not ali partici-
pants reported all reaction rates). To determine the range of values that
might be expected from the laderatories performing the analysis, the parti-
Cipants' data were first scaled by the individual HEDL normalization factor.,
The average value of this normalized set of data was obtained., Maximum and
minimum values were then determined relative to this average. The maximum-
to-minimum ratio is used as a range evaluation and is presented in Table 3.9.
Since absolute HEDL values are not given in Table 3.9, the deviation between
individual participant-measured activities and HEDL measured activities are
presented separately in Table 3.10.

A comparison of the relative ratios listed in the vertical columns of Table
3.10 demonstrates wiether a particular laboratory appears to be consistently
biased. It would appear that Laboratory B is generally biased low by 6%
to 10% for non-fissile RM dosimeters, However, Laboratory C appears to be
generally biased high by ~4% to 7% for non-fissile AM dosimeters, and at
the same time Laboratory C appears to be generaily biased low by ~5% to 10%
for fissile RM dosimeters. By reading across this table, one can obserye
whether an apparent bias exists in the analysis o a partgsular dos imeter
5 action. It appears that the HEDL analysis of both the Cu(n,a) and
1(n,p) reactions appear biased low by 2% relative to the other
participants.

3.3+1
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TABLE 3.10
DEVIATIONS OF RM RESULTS FROM IRRADIATION RM-1*

L ABORATORY LABORATORY
et 10 Resction A 2 3 o 3 G Set 10 weact ton 0 3 C T £ ;
-1 Puilngp) 238 <705 -3.99 2.0 -1.60 <177 w3 By 0%, o0 S4% - 688
e 2.9 -6.3¢ -3.63 13 260 0.2 -5 5.46 - 940 - 426
-2 2.3 -8.58 0.5 08 < 2 269 -4 9.39 « 742 -8
4 3N 924 08¢ 0.4 -2.03 1.9 -5 -2.92 a2y 1308
-1 Sriap) 233 206 360 143 07 2% Wy By s 1309 - 3.8 0.8
-2 L0 -1 42 2.2 2m L WE-S 8.27 6.2) -9.06  1.54
-2 572 -7.52 698 5.6 <085 528 e 3.0 -5.59 -257 3. :
“ 86 -1.33 7.8 4% 0.7 1% HF -6 6.39 -$6.37 -8.08  0.99
-t uael 176 238 859 102 2227 808 wa Dean®re o 000 -6 49y - 2.8
2 263 161 305 181 -2.00 2.0 -5 567 M40 925 226 -3.3
. 2 106 140 8.3 100 0.5 573 W4 245 - 649 1147 - 0.8 -~ 8.3 |
0 -4 4,66 1.85 §.50 200 2.9 685 W6 L =178 -639 1M -5.22
& WE-1 Fe(np) 302 61 195 173 039 5. wor1 Ve 12 S 638 1128 -5.58 :
=" 0.56 -10.26 0.1 2,27 -3.35 -4 W2 3.29 - 097 -10.29 -3.08 '
-2 2.9 <763 LI 130 -39 0.2 w1 Voin )% 3.06 “.28 - 43 - 052 -4.06 |
™ 649 -7.51 469 152 0.68 1.9 w2 on 656 281 -3.28 -2.38
W1 PFelng) 154 .19 w1 Plagin)®r 022 1059 -9.06 412 -440 -0 :
5 | 3.29 0.81 -2 1.99 $.38 - 476 WA -28 -2 ]
2 .87 -2.97 W By )0 2 -2.09 -S40 0.3 :
“ 1.96 1,25 -2 .85 -0.40 -7.05 -1.13 :
W3  tolng) 2.88 155 745 109 18 1.0 wor By "% se -429 J19) o6 5.7 :
-5 0.06 -7.42 636 -1.00 -1.61 -0.52 -2 3. 1.65  2.08 -251 -1.79
4 2.28 -1.84 1.2¢ 1.5 7.82 1.28 W z u(n.!)”lr 1.72 2.0 - 5.8 8.5 - 2.% .9 1
£ 195 921 6.8 372 D48 2.3 -2 158 441 - 383 535 -6.52 -)e8

*The deviation cited is {X/HEDL-1) given in percent, where X represents the participant laboratory
RM result and HEDL represents the RM result obtained by KEDL.
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TABLE 3.1

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FROM IRRADIATION RM-11
[Fission Foil Sets (DPS/mg @ £01)){a)

R e T RS ST L
o s M N e

P . 1084 108 2.00 ST 0.9
' 118 v.088 110! 6%
gt .06 1L L 1o e 10 K
1 )80 V.08 (1.16) 88 (10.4)
0 10m 1.5 1,948 TE TR
f 3 o8y I 1.8 e
' 2.9 260 11 10 %0
__'m-,n__.ww,. s
| e R
(O Ty T =R
r- 388 A 100 LM LS YA asn (BT
N 195 L b.308 s
™ 2.00 a1 R TR aam
(%] N L85 (9 1) 1 is W)
» i.008 1302 Y e e
t 2081 1310 a4 09
' 1088 1an ¥ 401 5. 208

“‘N firat columm |1 isted under sach headiag are thess dela raported by the participants, n\o‘n ond colven
14 the MER dats. Result exponents are given In pareas [eg. 3.084 (£¢5) should read ) Ofdx) f

1 Tndividuats ran veparate analyses for thIs fadaratory ond both values are reported. The valuey 1o Farens

wre from recest counts TABLE 3.12

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FROM IRRADIATION RM-11
[Non-Fission Foil Sets (DPS/mg @ £01)]{a)

SRR, .| |41 | (S
Bas iseter Laboratery _“M gl $egtn a) M, {r,p)
by LG ~H8 Ty
HENE A 1.16 1144 24 1w 108 7000
(R 1.3 2,06
¢-1i9 1.0 1,138 2.0 2. 1.80 2.019
t-2 106 2.0 1,95
o +. 1) 1.3 2.4 2. ws TN 1.95%
i 1,140 2.400 2.0n
£ 1R ] 2.00)
e Ve
Hiw A 1,82 1.ei 140 1.8
¥ 1.82% 1,381
cate) 119 1836 133 1.3%
(] 184 1.3
] V.84 1 801 1.42 1.9
i V.88 1.283
F 1.8 1 84

"’N first column Tisted under sach heading are those dats repocted by

the parvicipants, the second column is the WEDL data ! ¢ e parens
“,melm‘ for thase numbers foilowing (9. 1.16 (£+6) sheuld resd
(b Y

"’m Individusls ran separate analyses for IAMs Vaboratory and both
values are reported
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TABLE 3,16

OVERALL UNCERTAINTIES ON THE MEASURED SPECIFIC ACTIVITIES

i UHCERTAINTY (1 0) IN %
FEACTION -
ECN PTH ALKE SCK/CEN
("E’zr 2-9 1-:‘ ?.1
23 el ,rt{
pin l}/ca 2.9 " e
gy 2.9 2.5 2.1
"&U(n.f5 { ! ;
137¢Ca 2.9 1.4 2.y
"‘ . ‘
Nulrn.n*) 5.6 L.6 1.5
fnitn.p) 2.6 1.9 3.4 1.9
"‘.to‘n.p.‘ 2.2 15 2:h 1.9
“h'l'x(n,[\) 2.3 1.5 32 1.9
65(.\[(",0) e«7 7% | 3.2 1.9

The results of the thermal dosimeters are not discussed in this paper since
they are of less importance to the PCA/PSF program. These ghermal RM _results
were only used to determine minor corrections such as the 29Co and °8mcq

| burnup of the Ni detectors.
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3.4 CONCLUSTONS

Wiiile the agreement among the majority of the laboratories participating in
the RM-1 and RM-11 interlaboratory comparisons is generally satisfactory,
with non~fissile dosimeter results generally falling within +5% and the
fissionanle dosimeter results falling within +10%, improvement is still
required in order to routinely meet accuracy voals of LWR-PVS survaillance
dosimetry. Imnroved agreement was attained in the RM-111l experiment ,
wherein non-fissile RM monitors generally agreed better than 2% and fission
monitors generally agreed to hetter than 5%. The results obtained from
these tests along with the subsequent corrections indicate that a critical
review ot botn analytical and calculationa) technigues must be conducted on
a periodic basis by all of the laborataries. In addition, it is recommended
that each laboratory review and utilize, where possible, the appropriate
ASTM Standard Methods and Guides, maintain system calibration and/or control
documentation, and continue in this or similar programs using existing
benchierk facilities for verifications and direct correlations.

In the RM-1 and RM«I1 experiments, intercomparisons of dosimetry results
from six service laboratories have provided experimental estimates of
measured reaction rates accuracies. Preliminary results were distributed
over a range of relative values as large as 60%. Had results from a single
laboratory been used to derive surveiilance capsule fluence values (often
based on only one or two reactions), a bias of 40% or more could 2asiiy have
been introduced. Following discussicons of the wreliminary analysis results
and identification of existing problems, these biases were yenerally reduced
to below 15%.

In the RM-I1] experiment, systematic problems were uncovered with Cu and Nb
dosimeters. Any Co impurity in copper can seriously compromise results. Also,
and as stressed in earlier dosimetry work with Nb (ToB0), more accurate cross-
section data are needed for the Nbfn,n’) reaction; see Sections 2.3.1 and 5.2.2.

An important distinction between the RM-I and RM-11 intercomparisons and the
RM-I1I intercomparison must be stressed. The use of HEDL- determined
normalization factors reduces the RM-1 and RM-II tests to essentially an
interlaboratory comparison of absolute gamma-ray counting measurements.
However in RM-I111, factors that arise in the use of dosimetry materials from
different suppliers, such as mass and impurities, were included along with
absolute gamma-ray counting measurements. Both types of tests are clearly
needed. In fact, interlaboratory RM dosimeiry results from the long-term PSF
two year metallurgical irradiations could be used to obtain an additional
intercomparison of the type treated here in the RM-1I1 test. The reader is
referred to the NUREG/CR-3320, Volume 3 (Mc87¢) report on the PSF Physics-
Dosimetry Program.

Finally, thase tests and intercor arisons establish a clear and significant
difference in accuracy between f -ile and non-fissile RM dosimeters., The
important contribution of fast neutrons to PV embrittiement, especially in
the region from roughly 0.1 up to 1.0 MeV, makes the use of the threshoid
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TABLE 3.5.1

CERTIFIED FLUENCE STANDARDS SUPPLIED TO HEDL BY NBS TO BENCHMARK
REFERENCE RADIOMETRIC COUNTING OF LWR-PV-SDIP DOSIMETRY

Exposure
Foil 235y Time NBS  Fluence  Time
1.0, Irrad, EOT  (Hours) Fluence Uncert. (Seconds)
Ni-R Fe/Ni-1 02/06/83 72.3 4.425€+15 2.1% 2.604F405
Fe-GD Ti/Fe-1 03/01/83 93.5 5.980E+15 2.4% 3.367E+0%
Fe/Ni-C U/Fe-2 11/20/83 97.8 6.056E+15 2.2% 3.520E+405
ug-5-27 s : 97.8 6.086E+15 2.2% 3.520E+0%

UB(Nat)-5 U/Fe-3 08/30/84 149.0 9.070E+15 2.5% 5.364£405

TABLE 3.5.2

MEASURTD ACTIVITY AT END OF IRRADIATION AND DERIVATION
OF TIME-AVERAGED REACTION RATES

<R>
Uncert. Derived
Foil Time Act® “ty on Reaction
1.D. Reaction (Seconds) (dps, ..g) Activity Rate

Ni-R S8Ni(n,p)58co 260424 3.7176402 2.7%  1.B49E-15
Fe-6D  S4%e(n,p)5%Mn 342000 7.5956+00 2.1%  1.443E-15

Fe/Ni-C  S4e(n,p)S%Mn 352020 7.174E400 3.3%  1.397(-15
" 58Ni(n,p)58Co 352020 3.738E402 2.6%  1.878E-15

U-5-27  238y(n,f)1408; 352020 1.495E402 3.8%  5.416F-15
" 238y(n,£)103py 352020 5.782E+01 2.8%  5.411F-15
2380{n,f)95;r 352020 2.899F+02 2.9%  5.325£-15%
238y(n,£)137cs 352020 2.0656-01 3.6% 5 463F-15
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TABLE 4.1,1

ACTIVITIES IN THF STARTUP EXPERIMENT IN Bgq PER NUCLEUS AT 30 MW

I
|.
L : COMPARISON OF SOME CALCULATED AND MEASURED* SATURATED
l
|
I'
l
|
!
]

850 1/4=T 1/2-1 3/4=T
Calculated 83cu(n,q) 2.58=]15%% 1.90-16 7.05-117 2.46-17
& Measured 93cu(n,a) 3.07=15 2.10-16 7.97-17 2,.81-17
| C/E 0. 84 0.90 0.88 0,87
| £
{ Calculated %OTi(n,p) 5,00-14 3,31~15 1.19-15 4.00-16
i Measured * 6Ti(n,p) 6.12-14 6. 04=15 1.47-15 5,30~16
& C/E 0,82 0.82 0.81 0.75
% ,
| Calculated 4Fe(n,p) 4.07-13 2.44~14 8,84-15 2,97-15
| Measured ®Fe(n,p) 4.67-13 2,75-14 1.02-14 3,74-15
C/E 0,87 0.89 0.87 0,80
Caleulated 28Ni(n,p) 5,57-13 3,36-14 1.25-14 4.30-15
Measured “BNi(n,p) 6.45 13t 3.90-14 1.49-14 5.%=15
C/E 0,86 0.86 0,84 0.77
Calculated 238y(a, f) 1.39-13
Measured 238y(n, f) 1,56-131
C/E 0.89
calculated 237Np(n,f) 1.30-12
Measured 237Np(n,f) 1.40-121
C/E 0,93

*All measuremerts, except the ONi(n,p) measurement in the SSC, are taken
from (KeB0,KeBl), The 78Ni(n,p) measurement is provided by A. Fabry. The
vertical locations vary b.tween 50.8 and 76.2 mm below ‘he reactor m .plane,

**Read 2,69 x 10713 ere,
tAverage of the '37Cs and 992r fission product results only; the ld4ce
fission product results were ignored because they seemed less consistent
with the others,
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4.2 RR&A ANALYSIS
AdF. Thomas, S.P. Walley (Rolls-Koyce and Associates Limited, U.K.)

4.72.1 1scussi

As part of the USNRC-LWMR-PV- _P, neutronics calculations of the experimental
facilities were required .- support of the dosimetry analysis of the metall=-
urgical specimens, Detailed calculational and experimental data had previously
been generated on the low power Pool Critical Assembly (PCA) mock up of the
high-power Oak Ridge Reactor Poolside Facility (PSF) which simulates the
core/thermal shield/pressure vessel/cavity of a typical civil LWR. These
included 3D MCBEND Monte Carlo calculations carried out by RR&A which

generally proved successful in predicting the experimentally determined

neutron reaction rates (McSl).

In order to facilitate the analysis of the dosimetry measurements from the

PSF metallurgical irradiations (including the |8-day full-power thermal and
physics “Start-Up" experiment) which took place in an optimised but di’ “erent
configuration from that of the PCA, neutron spectral shape informatior
throughout the PSF array was required, as well as best estimates o: calculated
parame.ers at locations of particular importance in the SSC and PVS. In

order to achieve this a calculational methodology was defined which incorp-
orated both a l-D deterministic neutron transport calculational technique
{ANISN) and a 3-D Monte Carlo neutrom traansport calculational technique
(MCBEND). Initially the use of the 1-D ANISN method was <onsidered to be a
simple and cheap way of achieving the objective of providing systematic
spectral information providing it could be shown that the methodology and
data used could be validated against a reliable and relevant benchmark,

such as the PCA experiments. In contrast, the 3-D MCBEND method is much

more expensive but allows a more exact representation of the problem, and

is capable of providing accurate estimates of both neutron spectrum shapes

and flux intensities within predefined error targets., However since economics
dictate that only a few specific locations can be characterised, the ANISN
and MCBEND methods were, in effect, considered to be complementary.

Details are provided elsewhere (Mc87c) of the calculational methods and data
used and the results obtained by RR&A in the successful validation of the
ANISN methodology and the subsequent calculation of the PSF 4/12 irradiation
facility using both the ANISN and MCBEND techniques. These RR&A (1-D) and
MCBEND (3-D Monte Carlo) results provide a further basis for comparison and
verification of the overall reliability of the ORNL and RR&A calculational
results. The RR&A calculational results are used in Section 5.2 for a
consistency analysis of the measured reaction rates in the UK dosimetry for
the 18 day startup and the SSC-1 and SSC-2 experiments. They are also used in
Section 6.2 in the derivation of recommended exposure parameter values for

these experiments.
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5.1 P NESDIP, PWR AND BWR DATA
W. N. McElroy and R. Gold (HEDL)

Physics-dosimetry analyses of the PCA and PCA Replica (Ka83,McB!,Bu84 ,Mc841,
AuB%) and the PSF (FaB0a,KeB2,Ma82e,To82,To82a,WiB2,Ka83,T083,Ba84a,Guldd,Masdda,
MaBdh,St84,5184b,Mc87¢,McB7d) experiments followed by the applicatior of neutron
flux-spectral adjustment procedures and sensitivity analyses have been perform
at HEDL, ORNL, CEN/SCX, RRBA, AERE-Winfrith and other participating
laboratories,

The PCA (McB1,Mc84i) anu PCA \.2plica (BuB4) Experiments and PCA Blind Test
computational results support the statement (Fa79) that under idealized
environmental conditions (benchmark), modern computational technigues are
currently capable of predicting absolute in-vessel neutron reaction rates per
unit of reactor power to within 15% (one-sigma), but generally, not to within
5% (one-sigma). This is a great improvement compared with the situation
prevailing a few years ago, before the PCA and PSF experiments were undertaken,
where factors of two or more differences between FSAR predictions and
surveillance capsule measurements were not uncommon. The achievable accuracy
will be markediy less, however, in applications to actual nuclear power plants
because of new low-ieakage neutron core fuel management schemes, geometrical
complexities and other factours; all of which will continue to regquire careful
study and evaluation for specific PWR and BWR plants.

For the PLA, the results of the consistency analyses by HEDL (Lippincott),
ORNL (Stallmann) and RR&8A (Thomas) indicate that the reactor physics
calculations appear to be biased on the low side, and that the recommended
experimental data are self-consistent within assigned uncertainties. Although
all three laboratories used a least-squares procedure to derive the exposure
parameters from a calculated neutron flux spectrum and the same integral data,
differences outside the derived one-sigma uncertainties were observed in some
cases. Comparisons of derived exposure parameter values in the PV block show
differences between the three laboratories of up to 12%. No consistent bias
between the results exists, when all the configurations are considered. RR3A
has the largest range of uncertainty values; for example, for $(E > 1 Mev),
the RR&A uncertainties range from 5% to 16% in the block compared to HEDL
values of 6% to 9% and ORNL values of 4% to 7%.

As stated by Miller in Section 4.0:

“The PSF (Poolside Facility; for high power studies) and PCA (Peol Critical
Assembly; for low power studies) have been used extensively for evaluating
measurement techniques and computational methods. Differences among
measurements and calculations for the PCA-PVF and PSF (St8lc,Mc81b,Ma80c,
MaBlf ,Ma82a) have generally heen in the 10% to 20% range. Somewhat larger
differences between measurements and calculations have been noted for
comparisons that include transport through several inches of iron and

for particular dosimeters.”

He furtier states;
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“If one folds the AERE-Winfrith measured spectrum with each of the three
reaction cross sections [(325(n,z), 115In{n,n’), 103Rh{n,n")] used in
obtaining the calculated activities, the res 'ting agreement with the
measured activities is excellent (C/F = 0.97, 1.05, and 1.025,
respectively). This lends great credibility to the measured spectrum,
measured activities, and the dosimetry cross-sections.”

In helping to estabiish a better understanding of the reasons for some of the
inconsistencies between calculated and measured "through PV wall® quantities
for the PCA (Mc81,Mc841) and PSF (two-year metallurgical experiment; SPVC
SVBC, Section A2.5, Ref. Mc87c¢) benchmarks, Gold and McElroy (Go87i) fit an
exponential function of the form

(8t) = (8t), exp(-br). (1)

Here, (§t) represents the fluence of neutrons having energy > 1 MeV within

the PV wall and r is the radial distance (in inches& from the front surface

of the PV. The two parameters in Eq. (1), namely (Qt), and b, are generated

by the least-squares analysis, The parameter (Ot)o is the fluence value at

the surface of the PV, The parameter b represents the reciprocal of the fluence
relaxation length within the PV. Using available dosimetry adjusted values of
fluence (E > 1 MeV) at 0 T, 1/4 T, 1/2 T and 3/4 7 PV wall locations, values

of b = 0.347 £ 0.0097 (2.8%) for the PSF and b = 0.369 & 0.0062 (1.7%) for

the PCA were derived. The ratio o/ Lhese two b-values is 1.0634. Thus, the
PCA value is about 6.3% higher than that observed for the PSF_ Some differences
between the PSF and PCA results should be anticipated because of differences
that exist in these two PV mockups. In particular, the metallurgical tests in
the PSF necessitated temperature-control apparatus. As & consequence of this
temperature-control apparatus, perturbations were introduced into the PSF
mockup of the PV. For example, electrical heaters ac well as gas and water
coolin were employed within the PSF mockup in an effort to maintain constant
irradiation temperature. No such apperatus was . ntailed in the PCA (Ka83).

In Ref. Go87c, Gold and McElroy obtained some very preliminary results using
data from a decommissioned BWR, namely the KRB-A Gundremmingen reactor. Fast
fluence (E > 1 MeV) data has been obtained by measuring the 54Mn activity in
trenans cut through the Gundremmingen PV. These very preliminary data (kindly
su, 1ied by J. W. Rogers of EG&G, Idaho) are based on the fission spectrum
average cross section of the 54Fe(n,p)54Mn reaction. As can be seen from the
least-squares fit in Figure 5.1.1, an exponential representation is an
excellent fit of these preliminary Gundremmingen data. This least-squares
analysis yields a preliminary b-value of 0.4183 for Gundremmingen, which is
approximately 13% higher than the PCA benchmark b-value. While this
Gundremmingen result is very prelininary, it is most encouraging and obviously
merits refinement through an in-depth spectral adjustment analysis of physics-
dosimetry results for the Gundremmingen trepans. [t would be of considerable
interest to perform a similar study on measured 54Mn activation results from
trepans that might be removed from the Shippingport PWR reactor vessel;
presently, the only Shippingport steel specimens that are available are those
that have been taken from trepans that were removed from the reactor shield
tank (Sh8s).

9.1-3
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3 $.¢ Consistency 1 Data~UK Meamurements
, Associates)

The conslatenc, analysis of the measured reaction rates In the UK dosimet ry
in both the ORR/PSF (4/12) 18 Day Start=up {rradiation and the ORR/PSF (4/12)
S8C1 and S§SC2 capsules was conducted using both determini .tic and statistical
methods,

]
i
]
5.2.1 Deterministic Analysis |
|

The Jeterministic approach to the consistency analysis of the messured
reaction rates Involved converting them into appropriite neutron exposure
parameters l.e, fast neutron flux (EK*1Mev) for the threshola reactions,
epithermal flux fer the gadolimum covered li9Co(n,'f) nd §“rr(n.‘) reactione
and thermal flux for the hare 59%o(n,§) and Bre(n,{) reactione, rhese
exposure parameter values were then comparer for dil erent reaciions at the
#ame location,

Howevor In order to 1acilitate such conversions reliunle values of the
appropriate effective cross sections are required, This was achieved hy
means of caleulated neutron spectra and reaction rates from an ANTSH
ealevlation of the ORR/PSF (4/12) configuration{see Sectiond.? Ref McB7c). The
caleulational methodology and nuclear data, including dosimet ry cross
sections (taken from the IRDF B2 file which 1s based on FNOF/B=V) had hoen
successfully benchmarked against the PUA Blind Test results (Mc81) and found
to zive excellent results. The caleulated effective cross sections are
therefore shown in Table §.2.1 and the resuiting estimates of exposure
parameters (i.,e, fast, epithermal, and thermal neutron flux) are shown in
Tahle §.2.2 (a and b),

It can be seen that the consistency between the “3Cu(n.qﬂ. 4ﬁ11(n.p),
S4Feln,p) and SBNI(n,p) reaction rate measurements is remarkably good in

‘e case of the 18 Day Start-Up {rradiation but less so In the case of the
85C1l and SSC? irradiations, However, In all cascs the 9Wh(n,n') reaction
rate measurements generally fall ahout 252 lower than the othes threshold
reactions in the prediction of flux (E>IMev), The source of this discrepancy
rannot be resolved by a det~rministic anulysis, since It may be due to a wide
variety of causes such as cross section errors, measurement errors, spectral
errors ete,

i |

Where neunurg:antn were -vgséahle the consistency of the resonance reaction
rates (1,e. ""Pe(n,?) and °§““) in padolimum boxes) and the thermal
reaction rates (1,e, the bare 38Fe(n,¥) and 59Ca(n,?)) was also pood and
the values of fluxes consistent also with caleulation,
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Table 5.2.%4

Comparison of Exposure Parameters
rom Detectors Jrradiated

«) Start Un Irradiation
T EXposure Parameter Value
RFACTION gsc iT 1T(offset) 17 37
B
FAST NEUTHON FLIX* !

TCuln 0 6, 98E12 4 MBELL | 4,20¢10 | 2,78811 | 1.17%11
461 (n,p)oose R,15K12 SJO3ELT | 4,39E11 | 2.69%11 | 1,16K11
S4Fe(n,p) Smn 771812 S.28F11 | 4,36E11 | 2,58E11 | 1,14R11
SB1t(n,p)58co 7.72F12 S.15ELL | 4,24E11 | 2.48E11 | 1,13E1
PInbn,n' )9 3min 6, 79812 4.25E11 | 3,45E11 | 1.87E11 | ®,71E10
EP1 , LN
Braln, 1) 59%e(0d) - - N
s’Cﬂ“: )‘60"4‘,&) - - - Bl
LU
58Fe(n, §)5%Fe(Bare)| 3,34r12 2.37E11 | 1,20B11 | 1,10E10 | §,1089
59co(n, N60Co(Rare) | 1,05E12 2,09K11 - 1,02810 | 5,2089
* N.B, Fast neutron flux = n/cm?/sec (F>1Mev)

Epittermal neutron flux = n/em?/sec/0,b4eyEcO, IMev)

Thermal neutron flux = n/cm?/sec (Ee€0,4ev)
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§.2,2 Statistical Analysis

. For the purposes of a thorough statistically based consistency analysis 4

ol linear least squares adjustment method was adopted using the X code SENSAK

s (Mc79a), This method employs tull variance-covariance dats to adjust prior

i estimates of neutron spectra and activation cross sections te achieve max‘mum
N Itkelihood estimates of exposure parameters and their uncertainties from

p given sets of activetion measurements,
LL

iy, The prior estimastes of the neutron spectra were agaln taken from the ANISN

b calenlation described in section 3, 72%nd the cross section data from the

‘ TROFH2 donlnztry files The varlance=covariance data for the 63Cu(n{‘),

i A6T9(n,n), YPeln,p), SBNi(n,p) and 99h(n,n') reactlons wie taken from

. various “iterature sources (PeRlc, StRNa, Sc72%) whilst for Snp,(n.1) and

: $9ca(n, o), data from (Mc75¢) was used and a narrow Caussian correlation
matrix assumed ({.e, FWHM of 2 groups).

ik The ~wutron spectra group flux errors were hased on previous experience at

4 Rolls<Royce and Associates (l1.e. In the reglon of 0¥ te 50%) and a relatively
wide Gausslan correlation matrix was assumed (FWIM of 5 groups), The
measurement errors were based on those given in sectfon 2.3.1.3. The
correlation matrix of the measurements wae based on the evaluated systematic

‘ errors due to nuclear data and calibration methods and {s sghown 1p peneral

+ be low:

3 5900(n,¥) “6Tcln,p) S4Fe(n,p) BFeln, 1) BNi(n,p) #3culn,) IIWbin,n')
590a(n,X) 1.0 0,5 0.5 0e2 045 0.5 0,0
“OTiin,p) 1.0 0.5 0.2 0,8 048 0,0
Sbre(n,p) 1.0 0,2 045 0.5 0.0

L 38Fa(n,¥) 1,0 042 0,2 0,0

E_ | 38N1 (n, p) 1.0 045 0,0

F 63Cu(n m) 1.0 0.0

; 93nb(n,n*) 1.0

o ; The required exposure parameters calculated by SENSAK from the ad justed flux

Buentra 1T8TEs

(1) Neutron Flux (E>1Mev)
(11) Neutron Flux (E>0,1Mev)
(111) Atom Displacement Pate in Iron (for materials damage analysis) using
ASTM E693-79 cross sections,
(iv) Atom Displacement Rate in Aly03 (for Sapphire Damage Monitor analysis)
using RECOTL calculations (Ga7?6) assuming Al displacements only.

* Ref. McBlc
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The results of the SENSAX analyses are summarised in Teble 5.2.35, 1u additiea
to the pitimates of exposure parameters and thelr srrors, twoe other parameters
are givent the source scale factor and the variance scale factor, The ssurce
seale factor reflects the average venormalisation of the ANISN caleulated
neutron spec. ca which was required to achleve broad prior agreement hetween
calculated and measured reaction rates before ad justment., The variance scale
factor (VSF) 1s the value of X? per degree of freedom and reflects the

depree of consistency between the calculated and measured reaction rates,

The source sgale factors were all within #15% of unity indicating good prior
estimates of the caleulated neutran flux Intensities. The values of V§I were
all less than 1,0 {indieating that the consfetency between measured and
caleulated redction rates was rather hetter than the errors on the {nput data
sugpested, 1t may be reasonahly inferred that the errors an the {nput neutron
proup fluxes were somewhat exaggerated, since all the other data errors were
from evaluated sources, Certainly none of the SENSAK caleculations indicated
that any of the neasyreménts was saspect, since none of the calculated

(ad justed) to measured reaction rate ratlos deviated by more than 1% from
unity,

Tt was noted from the results of the SENSAE data adfustments that, in all
cases, the required reconciliation hetween the IMhin,n') reaction rates

an. the other threshold detector reactlon rates (demanded hy tha dotermln{stic
analysis discussed earlier) was achieved hy adiustments to the 9 Nb(n n')
cross section, This was manjfest in all locations hy a gradual reduction of
the cross section in the threshold region (0.1 = 2.0 Mev) by upto 25%, 1t

may be therefore that the cross secticn of the 93Nb(n,n') reaction 1n this
energy range needs to he measured with greater accuracy before medsurements
of this reaction can significantly improve estimates of fast neutron exposure
parameters, such as dpa,

The uncertainties on the exposure parameters estimated by the SENSAK analysis
are all within 477 to #15% (1#). Most of the varfation i1s due to differences
In vonsistency 1n the measurements at a given location which is reflected in
the value of variance scaling factor, 1If the variance scaling factors are

set to 1,0 for all leocations the range of the errors reduce to #13% to #22%.
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Apg:naia B of Ref. Mei7c provides informatisn on the HEDL analysis and

?o vition of exposure parameter values for the SVBC experiment. Some relevant

nformation (taken from Appendix B) on possible effects of the flooding of

the vaid box on contributing to observed systematic biases between calculited
ug1:uanurod neutron exposure parameter and detector reaction rate values
follows:

“prause of the water flooding of the void box during tht.;a:\y Eart of the
frradiation, the SVAL targel noutron exposure of =5 x 1017 n/emé (E > 1 MeV)
wis never achievad. 1t was estimated by ORNL that the actual fluence (£ > 1]
MeV) was & factor of 20 to 40 tiseg lower than the target fluente based on
ah early sisessment of praliminary results of the HEDL do;imetrg measure-
mbnts ., The VB irradiation temperature was estinated to be ~3 °C by ORNL,

The HEDL FERRIT-SAND 11 results reported herein indicate that the actual
BEu FOn Bapoture ga?ues for the center Jocation of the SVBC were 6.1 x 10°%
dpa and 4.8 x 1018 n/en? (€ > 1 MeV), with (1o) uncertainties in the range

of 14 10 21%.

These SVBL physics-destoelry results are of additional interest because of
the need to verify the ORNL estimates of the effect of the water flooding
and veidege on the perturbation of the neytron exposure and exposure rates
in Lh# SPVC. Such perturbations could be contributing Lo some of the
abserved systematic biases botween calculated and measured neutron exposJre
and dosimeter sensor reaction rates, particularly at the 1/27 pasition of
the SPVC (wvee Tigurer A3-R6). The information of interest here is that
assoriated with the HEGL doterminaticns of individual sensor reaction rates
gradients as veported in Appendix A by Kellogg et &). 1t is important 1o
ghserye that 1hs integratled effects of the SPVL perturbations résulting from
the vaid hox flooding are intluded in the HEDL and ORNL reported exposure
valusg for the $8C-1, $80-2, and SPYC (0T, 1/41, 1/ZT§. What may not have
bern pvoqer1y assessed by ORNL, however, would be small, but perhaps, non-
negtigible changes sssotiated with the exposure rates.

rnather reason fur placing Jmphasis on the effects of the flooding of the
void box, 15 Lo better define vhat the actual exposure rates were for Lhe
eight steel materisls drvadiated in the SVBC. Hare, knowing the effect of
flux level could be important for the future interpretation and use of the
42°F Charpy shift data point for the bulk weld material and the setting of
upper bound [imits for the observed shifts (=16°F) for the other seven
materials {(M:86).* The high shift of 42°F for the low-temperature (~£7'Fg.
1rr;31ntion.3f the bulk weld material for a neutron fluence in the low 1 .6
nfc $E » 1 MeV\ exposure range was unexpected, This is partly why Perrin(PeBb)
qualified thic measured change as an “apparent increase in the transition
temparature region and a possible drap in the upper-shelf energy level."

- Another imporiant ressen for the more careful quantification of the
pmyirenmental exposure tonditions for the eight SVBC steel materials is to

prov ide documented-reference data that can be used in the event any of these
irragiated materisls were to be reuted in future metallurgicval testing
programs related to end-of-1ife and plant Jife extension studies associzted
with shield tanks and support structure steel components (GopS36,McBE, McBTf).

* Alsp see (McR7f), 6.2-2
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