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ABSTRACI_

:The: metallurgical-irradiation: experiment at the Oak _ Ridge Research '

Reactor Poolside Facility (0RR-PSF) is_ one-of the series of benchmark experi-
mentslin 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 embrittlement and fracture toughness
otTpressure and support structure steels. The prediction methodology includes

~

procedures _for neutron physics calculations, dosimetry and 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

.vesse . surveillance procedures. These, in turn, may be ured as guides for the ;l.

nuclear industry and for the USNRC.

To serve. as a benchmark, a very careful characterization of the ORR-PSF
experiment is necessaryc both in terms of neutron flux-fluence spectra and of
metallcrgical. test results. Statistically determined uncertainties must be
given inoterms'of variances and covariancies to make comparisons between
predictions and exp^rimental results meaningful . This report supports
analysisLof the-PSF Blind Test and provides experimental conditions, as-built
documentation,' and PSF- physics-dosimetry results _ for the Startup, SSC-1, and:

SSC-2-experiments.

_ _
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PSF M MlVL W 1RIEtRlS

Mi Lntd1

lhe light Water Reactor Pressure Vessel Surveillance Dosimetry improvenent
Program (LWR-PV-SDlP) was established by NRC to improve, test, verify, and
st andardize the physics dosimetry-metallurgy, damage correlation, and
associated reactor analysis methods, procedures, and data used to predict
the integrated ef fect of neutron exposure to LWR pressure vessels and their
support structures. A vigorous research effort attacking the same measurement
and analysis problems exists worldwide; and strong cooperative links betwn
US NRC-supported activities at HEDL, ORNl., NBS, and MEA and those supported
by C[N/SCK (Mol, Belgium), EPRI (Palo Alto, LA, USA), Kf A (Julich, Germany), -

and several UK laboratories bPe been extended to other countries. These
cooperative links are stren b hv L% active membership of the scientific
staff from many countries a t ' > - " '- the ASTM E10 Committee on Nuclear. .

Technology and Applications. tem i t r :ubcommittees are responsible-

for preparation of LWR survei zu- e m ..s

The primary objective of this multilaboratory program was to prepare an updated
and improved set of phy:,ics-dosimett y metallurgy, damage correlation, and
associated reactor analysis ASTM st:ndards for LWR pressure vessel and suoport
structure irradiation surveillance programs. Supporting this objective were
a series of analytical and experimW al validation and calibration studies in
" Standard, Reference and Controlled Environment Benchmark fields," research
reactor " Test Regions," and operating power reactor " Surveillance Positions"

fhese studies served to establish and certify the precision and accuracy of
the measurement and predictive methods recommended M the ASTM standards and
used for the assessment and control of present and end-of-life (EOL) conditions
of pressure vessel and support structure steels. Consistent and accurate and
data analysis techniques and methods, therefore were developed, tested, and

_

verified along with guidelines for required neutron field calculations to
correlate changes in material properties with characteristics of the neutron
field. Application of established ASTM standards should permit the reporting
of measured material property changes and neutron exposures to an accuracy
and precision within 10% to 30%, depending on the measured metallurgical
variable and neutron environment.

Assessment of the radiation-induced degradation of material propert jes in a
power reactor requires accurate definition of the neutron field from the
outer region of the reactor core to the outer boundries of the pressure vessel.
The accuracy of measurements on neutron fluence rate and spectrum is associatea
with two distinct components of LWR irradiation surveillance procedures: 1)
proper application of calculational estimates of the neutron exposure at in-
and ex-vessel surveillance positions, various locations in the vessel wall
and in ex-vessel support structures, and 2) understanding the relationship
between raterial property changes in reactor vessels and their support
structures, and in metallurgical test specimens irradiated in test reactorE
and at accelerated neutron flut positions in operating power reactor:

xi
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As semly (N'is) and t he nigh-f lux version is knann as the Oak Ridge Research
Nctor (ON) Nulside facility (PbF), both located at un Ridge, Tennessee.
As spec ial wj bencho uis, then facilities prt/ide well-characterized neu-
tron envic v ents where active an.1 passive neutron dosir,etry, various types
of LWee. md ,oppet stru::ture neutron f ield c alculat ions , and temperature.
(ontrolled met allurgic al spm , an exposure. Pre brought tOgether.

Ine tw soy l<%-1lua prmure vessel Mckups in [orope are known as the
!'al w loium W M M Win t r i to-Uni tod hintpin-NE SDl p f ac il i t ies . Ihe VENE

M core :.norce and azimuthal lead-f Actor studies,i d furFacility ir m ng
while NU hlP 1. ne1M uwd f or PW cavity and azimuthal lead-f actor studies.

x .up in [erope is iden.A inird ani 1: zt ut it.s-tlu~nce pressurt vessel 1 *

I1! led nito ,trt '+.h iT-5 ir ,l? tt a 31 the periphery of the iritish re3ctor.
It sen o es 1 % i r rad iat No t x ility f or the DOMPF dos imetry experiment to
study urveill wc <im ule per t m b s t ions and t hrougo-PV-wall r hii al f luence

-| 1 ! t ( -f , |U lt'nt s ) iLW Y6Ns of ltle Ee' (en!W im 1 tjpe..t il d d 3 ;3 f -

,i;
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Results of measurement and calculational strategies outlined here will be
made available for use by the nuclear industry as ASTM standards. Code of |
federal Regulations 10CFR50 (Cf83) already requires adherence to several
ASTM standards that establish a surveillance program for each power reactor .

and incorporate metallurgical specimens, physics dosimetry flux-fluence i
monitors, and neutron field evaluation. Revised and new standards in i
preparation will be carefully updated, flexible, and, above all, consistent. '

This is the second of six planned NUREG reports on the ORR-PSF Experiments !

and Blind Test. Surrmary information ca each of these six documents follows:

* NUREG/CR-3320 ,

PSF Physics-Dosimetry-Metallurgy Experiments:

Vol. 1 (Date Published: July 1986) -

FSF Experiments Sunmary and BITnd Test Results - W. N. McElroy, Editor
-

This document provides PSF experiment sumary information and the results of
the comparison of measured and predicted physics-dosimetry-metallurgy results
for the PSF experiment. This document contains (in an appendix) each final

,

report of participants.

Vol. 7 (This Document)
PSI Startup Experiments - W. N. McElroy and R. Gold, Editors

Beyond scope of title, this document supports analysis of the PSF Blind Test
and provides experimentai conditions, as-built documentation, and PSr
physics-dosimetry results for the Startup, SSC-1, and SSC-2 experiments.

Vol . 3 (TcT-hosimetry Program - W. N. McElroy and R. Gold, Editor s- Date Published: Oct_ober 1987)
P5F Phys

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

Vol. 4 (Date Published: November 1987)
PSF Metalluroy Program - W. N. Mct.lroy and R. Gold, Editors

Beyond scope of title, this document supports analysis of the PSF fxperi-
ments and Blind lest and provides expe imental conditions, as-built documenta-
tion, and t inal metallurgical data on measured property changes in dif ferent

| pressure vessel steels f or SSC-1 and -2 posit ions, and the (SPVC) simulated PV
locations at the 0-1 (inner surface),1/4-T, and 1/2-T positions of the 4/12

,
'

PWR PV wall mockup. The corresponding SSC-1, SSC-2, and SPVC locations ' neu-
tron exposures are s2 x 10 ' , s 4 x 10' ' , s 4 x 10'', $2 x 10''. and s1 x
.10'' n/cm', respectively, for a sS50 f irradiation temperature. It contains
and/or ref erences available damage analysis results for SVBC using the Vol . S
metallurgical data base.

|

1

kill
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The success of the LWR Pressure Vessel Surveillance Dosimetry Improvement |

Program (LWR-PV-SDlP) depended upon the efforts and the free exchange of ideac '

and views by representatives of a large number of research, service,
regulatory, vendor, architect / engineer, and utility organizations. The
information reported herein could not have been developed without the |
continuing support of the respective funding organizations and their management
and technical staffs. Special acknowledgement is due to C. Z. Serpan of NRC
for having identified the need for an international program such as the LWR-
PV SDlP and for making it possible by taking a strong overall support and
management lead.

The encouragement, help, and contributions of T. U, Marston of EPRl;
C. Z. Serpan of NRC; E. B. Norris of SwRi; J. R, Hawthorne of MEA; G. R. Odette
of-USCB; D. Pachur of KFA; and A. f. Thomas, T. J. Williams, and R. Squires
of RR&A in helping to formulate plans and providing information and guidance
for Parts 1, II, and 111 of the PSF Experiments and Blind Test require special

,

and separate acknowledgment. '

The dedication end professional skills of itx ORR-PSF operations team at
ORNL contributed significantly to the success of the PSF experimental program.
The authors are indebted to staff members of the ORNL Operating Division

,

| Technical Service Group for their contributions and for their support to
| individual experimenters.

Additional acknowledgment is due A. Taboda, the NRC Program Manager. and to
l R. L. Knecht, H. H. Yoshikewa, and D. L. Blackburn of the Westinghouse Hanford
| Company (Westinghouse Hanford) for their constructive comments and help in
I the program management and the preparation and review of the progcam

documentation. Contributions to this document resulting from interactions
with other LWR PV-SD1P participants, who are not identified as authors in
this report, are also acknowledged. Very special acknowledgment is given to
D.- C. Smith cf tha Westinghouse Hanford irradiation Environment Group and to
the Westinghouse Hanford Technical Publications, Word Processing, Graphics,
and Duplication personnel who contributed to this document.
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ACRONYMS

:

ANO-1 Arkansas Nuclear One Reactor :

ASTM American Society for testing and Materials
1 BC Br telle Columbus -

BMI Battelle Memorial Institute, Colinbus, Ohio
BSR Bulk Shielding Reactor

,

BWR Boiling Water Reactor |
B&W Babcock & Wilcox ;

CE Combustion Engineering: Consensus Evaluation ,

CEN/SCK Centre d' Etude de l'Energie Nucleaire, Mol, Belgium
,

CT -Compact Tension |
'

CVN Charpy-V Test Resul t

DM Damage Monitor

DOE Department of Energy

DOMPAC Triton Reactor Thermal Shield and Pressure Vessel Mockup,
Fontenav-aux-Roses, France ,

EFPY Effective full-Power Years
EIR Eidgendossisches Institut fur Reaktorforschung, Switzerland
ENDF Evaluated Nuclear Data File
ELFT Embrittlement and fracture Toughness

,

EOF End-of-Life
EPRI Electric Power Research Institute, Palo Alto, California
FSAR Final Safety Analysis Report
FERRET Least-Squares Adjustment Code

G.A.M.I.N. French Graphite Damage Monitor

GE General Electric Company

HAFM Helium Accumulation Fluence Monitor

HBR-il H.B. Robinson PWR

HEDL Hanford Engineering Development Laboratory, Richland, WA

HSST Heavy Section Steel Technology

-IAEA International._ Atomic Energy Agency, Vienna, Austria

IKE Institut fur. Kernenergetik und Energiesysteme der UniversitNt
Stuttgart, Federal Republic:of Germany

-KFA . Kernf orschungsanlage Julich GmbH, Federal Republic of Germany

K10 Fracture Toughness Test Result

xv
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ACRONYMS (Cont'd)

LWR Light Water Reactor

MEA Materials Engineering Associates Inc., 0xen 11111, Maryland

MOL Moi, Belgium

NBS National Bureau of Standards (See National Institute of
Standard; and Technology)

NDC National Dosimetry Center (at PNL)

NDTT Nil Ductility Transition Temperature
ANDTT Nil Ductility Transition Temperature Shift
NESDlP NESTOR Shielding and Dosimetry improvement Program, UK

NIST National Institute of Standards and Technology (formerly
National Bureau of Standards), Gaithersburg, Maryland) ,

,

NRC Nuclear Regulatory Conrnission

NRDC National Reactor Dosimetry Center (at ilEDL)

NRL Maval Research Laboratory, Washington, DC s

,

NUREG Nuclear Regulatory Corsnission Report Designation

ORNL Oak Ridge National Laboratory-
ORR Ook Ridge (Research) Reactor (at ORNL) _

ORR-PSF Oak Ridge (Research) Reactor - Poolside facility
PCA 'Poolside Critical Assembly (at ORNL)

PSF Poolside facility (at ORNL)
PTS Pressurized Thermal Shock

PV- Pressure Vessel

PVS Pressure vessel Siinulator
PWR Pressurized Water Reactor

'

Ri4 Radiometric Monitor

RM-1 PSF SDMF-1 Test

' M-Il PSF SSC-1 TestR

RM-Ill PSF 18-Day Tes t

'RPV Reactor Pressure Vessel
AT

NDI| _ Reference Temperature,. Nil-Ductility Transition

5AND !! . Spectrum Analysis by Neutron Detectors, Version II
I( A Multiple t oil Adjustment Code)F

-SCK/CEN Same as CEN/SCK r

SDIP Surveillance Dosimetry linprovement Program ,

XV1

^
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ACRONYMS (Cont'd)

S9M Sapphire Damage Monitor

SDMF Simulated Dosimetry Measurement facility

| SPVC Simulated Pressure Vessel Capsule

SSC Simulated Surveillance Capsule

SSTR . Solid State Track Recorder '

SUNY-NSTF State University of New York - Nuclear Science and Technology .

Facilities, Buffalo. NY
SVDC Simulated Void Box Capsule

SwRI Southwest Research Institute, San Antonio, Texas |
UCSB University of California of Santa Barbara
UK- United Kingdom ;

US United States i

USE Upper Shelf Energy
,

V8 Void Box

VENUS PV Mockup (at Mol, Belgium)
,

W french Tungsten Damage Monitor

West Westinghouse
,

|

i

xvii
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5.0 }jjMMARY

( W.N. McElroy, R.,Qold (HLDL)*, F.B.K. Kam (ORNL), A. Fabry (Cf N/SCK),
|

D. McGarry (NBS) , M. Austin (RR&A), and W. Schneider (KfA)

S.1 JNT ROM)LT_103

The first. Simulated Dosimetry Measurement facility (SDMf 1) "Startup" and two
Sinulated Surveillance Capsule (SSC-1 and SSC-2) " Metallurgical" experiments
at the Oak Ridge Research Reactor Poolside f acility (ORR-PSF) are three of the
series of benchmark experiments in the f ramework of the LWR Pressure Vessel
Surveillance Dosimetry improvement Program (LWR-PV-SDlP), fig. S.1 (Mc87).
The goal of this program is given in the forward of this document.

,

An important aspect of the program is to test the methodologies and data
bases presently being used to predict the irradiation embrittlement and
fracture toughness (E&fT) of PV steels in commercial power reactors at the ,

end of their service life and to determine safe operating limits for the
steels. This includes testing of the procedures for neutron physics
calculations, dosimetry and spectrum adjustment methods, and damago
correlations. The benchmark expcriments in the framework of the L M -PV-EDIP
serve to validate, improve, and standardize these procedures. The results
of this program are implemented in a set of ASTM Standards (Fig. 5.2) on PV
surveillance procedures, which are in various stages of complet ion (Mc87).
These, in turn, may be used as gui A for the nuclear industry and for the
regulatcry procedures for the NRC.

The ORR PSF experiments were specifically designed to simulate the surveillance
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. Enphasis was on radiation E&FT of PV steels and on +

damage correlation to test current E&fi prediction methodologies, for this
purpose a PSF metallurgical Blind Test was initiated (Mc83d,Mc84b,Mc8Sb).
Only the information normally contained in surveillance reports was given to
the participants. The goal was to predict from this limited information the

.

metallurgical. test results in the PV wall capsule. Of particular interest
was what effects, if any, differences in fluence rate and fluencu spectrum in
the surveillance capsule and in the PV wall might have on the E8f1 predictions
(Mc8Sb,Mc8fa,Mc87d,Mc87f).

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: SDMF 1, 2, 3 and 4; SSC-11
SSC-2; SPVC; and SVBC. In addition properly determined uncertainties were
needed in terms of variances and covariances to make comparisons between
predictions-and experimental results meaningful. Detailed descriptions of
the-PSF SDMF 1. SSC-1, and-SSC-2 Experiments and " ir results are reported
in this NUREG/CR;3320 report .

WN McElroy is President af Consultants and Technology Services and*

R Gold is president of Metrology Control Corporation. both in Richland. WA.
RenameJ the " National Institute of Standards and Technology"."
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5.2 NfulRON PHYS]CS CALCUL AT10fl5

Differences among measurements and calculations for the PCA (Pool Critical
Assembly; for low power studies) and PSF (Poolside f acility; 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 inches of iron and for
particular dosimeters. ;

Results 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 performed by ORNL and RRSA are discussed and/or
referenced in Section 4.0. ORf4L utilized a flux-synthesis technique based on
three calculations (Ma821,Ma84a). 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 (i.e.,
PCA, Refs. Mc81,Mc841,lk84f), known uncertainties associated with nuclear data,
measurements, and applicable computational methodology.

Calculation of the PSF 4/12 irradiation facility was accomplished by RR&A
,

using both'the ANISH and MCBEND techniques, lhese RR&A ANISN (1-0) 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, lhe 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 55C1 and SSC2 experiments. lhey are also used in
'Section 6.1 in the derivation of recommended exposure pararreter values for

these experiments.

E011 METRY AfjD SPECTRUM- AE1QSTffLJHJUt1S F.0R THE PSF EXPEPMfRST5.3

for the PSF Startup Experiments, Saclay (C.L.A) Graphite (G.A.M.I.M) and
Tungsten (W) Damage Monitor (DM) exposure parameter values for four positions
(SSC, OT, 1/41, 1/21) are presented in Se.tlon 2.2. A low power PSF startup
experiment run was made for these french DM irradiations in order to avoid
excessive heating on the G. A.fl.l.ii monitors These experimentally derived
graphite and tungsten damage / activation raios are dimensionless quantities

'that are to be used with menered nickel fluences to derive damage fluences
(E > 0.1 and 1.0 MeV) and dpa in iron.

' As discussed in section 3.0, the PSF start'up experiments afforded an ideal
opportunity for the intercomparison of the results of radiometric (RM)
dosimetry measurements by e large number of pregram participants. While the
agreement among the majori af the laboratories was, most often, satisfactory,'

with non fissile dosimeter results generally falling within 5% and thet_
fissionable dosimeter results falling within 10%, improvement is still required
(See Table 3.6 on Identification of Problems) to routinely meet accuracy goals
of the tWR-Pressure Vessel surveillance physics-dosimetry.

S4
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A 10% accuracy for the exposure parameter values for metallurgical specimens
is quite sufficient for most metallurgical damage correlation studies,
llowever, since the two year ORR-PSF physics-dosimetry-metallurgy experiment
is intended to be a benchmark, higher accuracles and more thorough study of
the uncertainties are required. Thus, for both the 2-year PSF and 18-day PSF
startup experiments, comprehensive statistical analyses with the use of
adjustment procedures were made by program participants to obtain complete
three-dimensional fluence-spectrum maps (Figure S.3). These maps included
not only the exposure parameter values of thermal fluence, fluence ([ > 0.1
and 1 0 MeV), and dpa in iron, but also reaction rate values for all major
broad energy and threshold reactions; see Ref. (Mc87c) for discussions of the
results of the 2-year PSF Experiments.

The results of a consistency analysis and the RRSA exposure parameter values
integrated over the appropriate exposure times for the ORR/ PSF (4/12) 18-day
St artup and SSC-1 and 550-2 irradiations are presented in Sections 5.2 and
6.1. It is noted that the RRLA exposure values are given for the locations
of the UK dosimetry capsules. Exposure parameter values for fluence (E > 0.1
and 1.0 MeV),_dpa in iron, and dpa in sapphire are presented. The assigned
uncertainties are in the 33% to 22% (one-sigma) range. The irradiation timcs
are also given, which permits the derivation of fluence and dpa rates.

CEN/SCK derived average values of fluence rate [ flux (E > 1 MeV)] at a nominal
power of_30-MW f rom the dif ferent detector types irradiated in the 18-day
startup test are presented in Ref. To82a. As stated by Tourwe et al. :

"Apprectable difforences are observed in the flux (E > 1 MeV) data
according to the interpretation based on the D01 spectra or on the ANJSN
spectra: The differences become more important when penetrating inta the
pressure vessel wall. ;

The neutron flux > 1 MeV in the SSC position and
-the 1/4 T position could be determined with an accuracy better than loi "

for the 18 day startup test, HEDL analyzed the radiometric data supplied by !
six participants (Ke82) but did not derive any exposure parameter values.

The HEDL-ORNL recommended-consensus physics-dosimetry data and data bases for
the metallurgical specimens for the SSC and SPVC experiments have beer,
established and are discussed in Refs GuB4d, St84, Mc86b, Mc87c, and Mc87d,

The KFA recommended physics-dosimetry data base for the metallurgical specimens
for the SSC and SPVC-experiments are presented in Ref. Sc86a.

In addition to these HEDL, ORNL and KfA results, other LWR-pV-50!p participants
have established their own evaluated data bases related to their use of data
and/or' analyses for Part 1,11 and 111 of the PSF Blind Test; see Ref. Mc86b.

Appendix B of Ref. Mc87c provides information on the HfDl analysis and
derivation of exposure ~ parameter values for the SVBC experiment; these results
deserve more extensive study by LWR;PV-SDIP participants because they might
provide more information on possible causes of some observed systematic biases
between calculated and measured quantities (see Section 6.2 and Ref. Mc87c).

S-S

__



.- .-.. . -. ..-- . - _ . - - ._ _. - - - - .-_- - -- -

_. _._.- . . . . - - - - _ _ _ _ _
- - _ _ _.___-

Reaction Rate
MeaMrements at Neutron Transport

Dosimetry Locations Adjustment Calculations at
_

(siulti-Foil Sets P rocedure ' Dosimetry Locations

and Gradient Wires)
- . _ _ ]

.
. ..= _._ ,

'

r j

i

Exposure and
cxposure Rate

Parameter Values
at 00simetry ;

Locations ,

i

- _ - _ -
. _ -

|

{!

f
__..

fitting Exposure
and Exposure Rate
Parametcr Values to
a Three-Dimens'Snal

Distribution
L_ .._ _

l
__

Exposure and
Eposure Rate

Parameter /alues a t
Sper.imen Locations

_.- -._ __ ]

F 16tRE 5,3. Nttiodology f or the Determination of Exposure and Exposure Rate
Parasieter Values and uncertainties.

S-6

- ._. . . _ . _ . .. -.- -_ _-. . _ _ _ - _ _ . _ _ _ _ _ . . . _ - _ -_ _ _ _ _ _ _ . _



1

l

S.4 MjEAMSON AND ELAIJAILQ!LM PHYSICS DOSlMF1RY RQllTS AND DATA

Physics dosimetry analyses of the PCA and PCA Replica and the PSF experiments
followed by the application of neutron flux-spectral adjustment procedures and
sensitivity analyses have been perform at HEDL, ORNL, CEN/SCK, RR&A, AERE-
Winfrith and other participating laboratories.

Under idealized environmental conditions (benchmark), modern computational
techniones are currently capable of predicting absolute in-vessel neutron
reactiun rates per unit of reactor power to within 15% (one-sigma), buta

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 i

FSAR predictions and surveillance capsule measurements were not unccmmon. ;
The achievable accuracy will be markedly less, however, in applications to '

actual nuclear power plants. i

for the PCA, the results of the consistency analyses by HEDL, ORNL and RR&A
indicate that the reactor physics calculations appear to be biased on the low
side and 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 PCA configurations
are considered,

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% range.
Somewhat larger differences between measurements and calculations have been -

noted for comparisens that include transport through several inches of iron
and for particulai dosimeters. Discrepancies between measurements and
calculations relative to the PSF startup experiment are within expected ranges i

based on previous PCA evaluations, known uncertainties associated with nuclear
data, measurements, and applicable computational methodology.

For RR&A studies, overall the results obtained by both the ANISN and MCBEND i

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 reanalysis of the PCA
| 12/13 " Blind Test" using the same technique. Nevertheless, these results

L were DAt inconsistent with the level of stochastic uncertainty achieved,
l which was necessarily limited by economic considerations, in that sense the

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 001)-transport calculations whose uncertainty is cntirely unquantified
and where_ good agreement can often only be achieved after a judicious amount
of 'a priori' benchmarking and 'ad hoc' synthesis.

To advance PV neutron transport methodology, more complete answers must be
found for a number of existing inconsistencies between measured and calculated

L s.7
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reactor physics parameters for the PCA, psf, VENUS, NESDIP and PWR and BWR
cavity and surveillanc3 capsule experiments.- These inconsistencies are
identifled in Section 5.1.

ORNL reviewed the apparent C/E inconsistencies for the NESDIP2 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 agreement with the_ measured activities is excellent; this lends
great credibility to the measured spectrum, measured activities, and the
dosimetry cross sections.

i

To better understand the rtnsons for some of the inconsistencies between
calculated and measured."through PV vall" quantities for the PCA and psf
benchmarks, llEDL has fit an exponential function (of 'the form (Ot) - (Gt)
exp(br))toPCA,PST,andCundremmingenthroughHalldosimetryderivedfiux
and/or fluence results. The least squares derived exponential b-value for -i
the PCA 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,

for Gundremmingen, a very preliminary b-value was obtained using fission
spectrum derived values of fluxes that are based on EG&G-ldaho 54fe(n,p)54Mn
through wall activation measurements. llere again, an exponential
representation is found to be an excellent fit to these data. It would be
of considerable interest to repeat the Gundremmingen analysis using dosimetry
adjusted flux (E > 1 MeV) values and to perform a similar analysis 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.

A study of the consistency of the b-values for the PCA Replica, the other five
PSF experiments 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 dif ferences in the b-values
between the results of the PCA, PCA Replica, the seven PSF experiments and
Gundremmingen,

o
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1.0 DESCRIPTION OF THE EXPERIMLNTAL FACILITY - SlWJiARY
L. F. Maller

|

The Oak Ridge Research Reaetor (ORR) is designed so that one face of the core
! is in close proximity to an open pool with an aluminum plate (window) separat-
'

ing the reac tor core f rom t he open pool. Several experimental facilities have
been located in the poc! next to the aluminum window for performing irradia-
tion studies. The Poolside Facility (PSP), installed for the LWR Pressur-
Vessel Surveillance Dosimetry Program, was used in performing the PSF Startop
Experiment in the Fall of 1979. Results from measurements and calculations
are reported by Williams (Wi82) and Maerker (Ma84a). The specific configura-
tion of '.he PSF for the PSF Startup Experiment is described by Williams (WiB2)
and Section 1.1 of this report. Details of the PSF, as well as its location
relative to the ORR core, are described in Section 1.1.

i.

1.0-1 -
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1

1.1 PHYSICAL DESCRIPTION OF THE PSF |
L7~F. MEl1er 1

The Pool Side Facility (PSF) is a versatile irradistion facility located in
the pool adjacent to the ORR at ORNL and is designed specifically to accomno-
date functional objectives of the LWR Pressure Vessel Surve.illar.ce Dosimetry
Improvement Program. One of these objectives le to generate a variety of
radistion environments charac teris t ic of comme rcial LWRs in which metallurgi-

! cal test specimens can be irradiated. This is accomplished, in part, by
| allowing one to vary the distances between the following components:
,

l

1. the aluminum window adjacent to the reactor face and the thermal Shield
(TS), and

2. the TS and the pressure vessel simuistor (PVS).

Other objectives obtained by the PSF include maintaining a specified tempera-
ture environment for the metallurgical test specimens and providing a stable ,

structure that ensures accurate positioning of major components throughout the
irradiation time period. i

,

| This report is limited to the description, measurement results, and analysis
of SSC-1, SSC-2, and the PSF startup characterization experiment. Thus, this

,

j. section, the physical description of the PSF, consists of a general descrip-
tion of the facility along with soma details relative to SSC-1, SSC-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 aluminum window which ,

forms an integral boundary with the ORR pressure tank. The aluminum sindow is
adjacent to the' reactor lattice shown in Figure 1.1.2 and is nearly t rann-
parent to neutrons that leak from the ORR core. Exploded viess of the PSF are
given in 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 aluninum window. This capability allows the irradia-
tion capsules to be retracted from or inserted into the ORR irradiation field .

as required by operational considerations. The notches in th. support struc-
ture' shown in Figure 1.1.4, adjacent t o the PVS allow f or visual inspect ion, ,

of the distance between the PVS and TS. Exact positioning is accomplished by
bolting the PVS supports to the carriage structure as illustrated by ORNL
Drawing 911501-OR-10D. Dowel pinn located in the rigid support structure
determine the distance between the TS and aluminum window. These pins are
engaged when the epper support structure, shown iu Figure 1.1.3, is inserted,

toward the reactor with the retractor mechanism. Asstably, fabricatior., and.
positioning details are provided by the ORNL drawing series Mil 501-OR,which is
available from central files at ORNL.

'l .1 -1
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For both SSC-1 and SSC-2, the iront of the IS is displaced 4 cm from the out-
side of the aluminum window, and the front of the surveillance capsule is
displaced 10.8 cm from the outside of the aluminum vindow. Elevation and plan
views that locate the surveillance capsules relative to the aluminum window
and other capsules installed in the PSF are provided by rigures 1.1.5 and
1.1.6. Detailed dimensions of surveillance capsule internals are given in
Figure 1.1.7. Sec t ional *iews of SSC-1 a..d SSC-2 a re illustrated in Figures
1.1. 8 a nd 1.1. 9. Specimen identifications are given by figures 1.1.10 and
1.1.11.

A plan view of the Westinghouse perturbation Experiment is shown in Figure
1.1.12 with essent ial dimensions listed. Note that there are two perturbed
and two unperturbed vertical measurements and one horizontal traverse of

_

measurements. Additional details relative to this experiment are provided by
two papers (Ma82e,To82) in Proceedings of the Fourth ASTM-EURATOM Symyosium on
Reac tor Do8ime t ry.

Details relative to the ORR PSF Startup Experiment a re given in Figures 1.1.13
and 1.1.14. These figures illustrate dimensional information necessary for
analyses of data or calculations and provide the essential details for the
dete rmination of core composition. Results from calculations and measurements
are discussed in Section 4.1.
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1.2 CALCULATED CORE POWER
L. F. Miller

The core power and neutron source distributions were calculated by Williams
(W182) in order to perform transport calculations for the analysis of the PSF
Startup Experiment. .Results from the transport calculations were obtained by
Williams (Wi82) and Maerker (Ma84a), 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 vera 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 VENTURE (Vo81), 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 214g HT 265g 158g Be 8

241g 265g Al 178g MFC 199g Be 7

209g - 77g 176g 137g 157g 49g Be 6X C

0-265g 239g 176g 157g Al 246g Be 5

U-211g 77g 176g 138g 157g 53g Be 4

M N241g' -265g Al 174g Al 165g Be 3

Be. 196g 208g 157g 265g 157g Be 2T
1
'

' Be : -Be Be Be Be Be Be l-

A- B C D E F G

ROW

FIGURE .1.2.1. = Illustration of Core Loading and Locations by .
Row ( Alphabe tic) and Column- (Nume ric) Relative

.

to the PSF Experiment and Core Orientation.

>
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Results f rom the three-dimensional neutron source distribution are available
on a 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 is input for two
two-dimensional transport calculations. Results from the horizontal and ver-
tical1 transport calculations are used in a flux-synthesis technique (Ma84a) to
obtain three-dimensional neutron-flux distributions external to the reactor
c o re ._ Thus, the two-dimensional horizontul and vertical source distributions
are reported herein.

The neutron source distributious listed in Tables 1.2.1 and 1.2.2 are obtained
-by integrating the three-dimensional distribution in the appropriate trans-
verse directions. In particular, the horizontal distribution, given by Table
1.2.1 is defined by

Sg(x,z) = dyS( x ,y , z) .

-The vertical distribution is given by

V

Sy(y,z) = d xS( x , y , z ) .

o

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 lots)
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

2listed specifies the average source strength [n/(cm .s}} over a one-inch square
: area.

' -The nine numbers listed in each sq'uare for the vertical distribution, shown in
Table l~.2.2, have the same units as those listed in Table = 1.2.-l 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 descriptive"information for analyzing the PSF startup experiment and
for p_erforming relevant transport calculations.

1.2-2
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' TABLE 1.2.2-
,

LISTING OF THE VERTICAL PLANE NEUTRON SOURCE DISTRIBUTION |
'

FOR THE ORR PSF STARTUP EXPERIMENT:

TOP OF 81 ACTOR CCSE

G .f 1 It ' C - 9 A Dow
pf b

46* 1
0 0 0 4911 .d t 2 . ue t . 3602 . kM ' 3290 .3278 .3193 .3261 .M21 .39 % . M*4 3514 , $t en .3052 . 2768 .29t6 . 3085 . t .

0 0 0 5m) .428 ,400 .355 7 . h29 3292 . 32 * .) '2 .5299 .?917 .6055 .3824 . 35 70 .3 2** . 3 t s t . ?s '6 .1c t e . 3226 2

0 0 0 ,5633 .5195 .5085 .)$ 37 .3743 . M5 2 ,3575 . % I2 .3485 .*423 A59: Ant 4004 ,3741 .3628 .33M . hA8 .3703 3.

0'O O A433 .59% .576 3 .M54 A268 .44 2; 4012 .& t 39 .Lii ,5064 .5293 W16 A %5 A323 .415* .)903 ,608! A299 4

f .6178 .5754 .5509
~

A MA .4724 . 6t 64 424L 4477 4.450 5A55% A MG4.2% .3 763 . 3997 .40$ s . 325 3 .54t9 .519e0 0 0

0 00 6974 ,6424 .6129 .5057 ' A843 AMS 4164 4497 . %4 .5%7 .62*r2 58% 5%4. 536e .5191 A900 .5141.5J 70 6
'

0 0 0 .7500 .7624 .4707 ,55M '.5313 .5231 6432 .4999 .5086 .%78.6%6 A621 A221.599G .5826 .55 70 . 5 7u 5.897 7.

O O O .8130 . 7637 .7303 .MM .5826 .5820 .5660 .5% 1 .5759 7615 .1861 7555 7022 A 747 .6589 .M u .6509 45 % &
h

0 6 G- . 8G t 2 . 754 3 .7224 At38 A015 A497 5123 A075 .5141 4 3a4 8657 ,8607 4:56 .0004 7+61 .a%6 . 7 45 .691s 9 P
:

5 6

d0 0 0 . 8s t ? .9005 . 7720 6554 .u ?6 . 7131 .5647 6742 .4841 9754 .9384 .9709 9607 .8994 .9599 9232 .7923 .7s09 to yy
>

-* O O O 89 % .4476 .4132 A903 .4822 . 748 . %5 7 1 .0 % l.0 75 t .028 1. 006 1.0% 1.16 8 1. t 65 1.106 9826 .552t .8t 39 11 ' l1
.gg n G O 92 7 7 . B816 .64 75 ,7195 .7119 .7697 9705 L .075 f .!Oi 1.060 1.0H 1,09 2 1.234 't.219 E .161 1.037'.*314 8589 12 t,

-!* ,
A 0 0 0 .tM9 ,9306 .8959 .'339 .729.2 .7879 99 t 2 1. iOI t .132 1.116 t.inG 1.12e t.295 1.265 1.'05 3,e79 ,9379 . ss 94 13 g

0 h0 .7959 .9500. 9155 4 7500 .M55 5 8069 1.014 1.133 1.1 % 1.149 1.135 L .1M t .126 1.M5 l .242 1.113 .96 % .9143 to 8
1

0 0 0 1.004 .9594 .9254 7560 .7545 .8173 1,039 1.148 1.162 1.14 8 t .135 8. t h I.112 1.292 4.229 1.136 .5924 .9270 15 .,

0 0 0 .9976 .9517 9P h 17550 .2533 .4164 3.G'A 1.144 1.183 1.16 9 t . t $5 1.188 f.116 4.29e 3.232 8.139 .9925 .9259 le F
= 1

(0 0 0 1.104 1.05 3 1.H2 3 ;77H .7797 . 8424 t .075 4.196 1.2h ' t ,211 1.197 1.212 't .121 8.M0 t .2'1 1.151 9896 ,93 % 17 T

0 0' 0 1 M9 L.020 .99 % ' 75% . 75% .822 t 1.050 1.164 4.203 1.tso 1.164 1.201 t .296 t .264 t .203 4.126 .9 ele 9074 14 1.

0 0 0 1.024 .9793 M%7 7279 . 7325 .7931 1.014 1.124 1.160 4.137 4.123 1.137 1.237 1.212 1.149 t .075 .92t 9 8696 19 i

3 0 0 9487 .9169 .9016 6673 A941. 751) .%33 I .M t t .096 t 073 1.059 .I .091 1.tf2 1.144 1.082 .t .010 .8651 . S! M 20
,

t

0 0 0 1.0 % 9986 '.9959 69 75 . 7097 . 7p4 1.0% t .092 t .131 1.0% t.079 1.113 1.126 t .091 3.030 .9759 .6119 .7927 21 |

0 0' 0 9556 .9018 .9148 .u22 .456 2 .308 7 9341 1.001 t .060 4.003 .9847 t.0!? 1.038 ..l 2 .93 % .es24 .M23 a 7221 ' 22

0 0 0 .4782 .8 % 4 4576 6028 .9171.u48 .4649 .9333 .9723 9M3 .9205 .964 4 .9827 19280 .Sett .0044 A879 .ed 2P 23

| C 0 0 8764 3654 9050 .6349'.65tt 4889 9066 .9ue .94% 9635 .9598 .9637 1.009 .96% .8ah 6320 o ff to A702. 26

'

0 0 0 0 0 0 0 'O O .2762 .25t t .2745 0 0 J 6600 .iu2 .1429 1 0 e 25 -
2

I
O O O 6 0 0 0 0 0 .2604 .2312 2.554 0 0 0 1491 . l ho . l 329 0 0 0 26

O D 0 0 0 0 0 0 0 .2241 .1987 .2230 0 0 0 .15 70 . t 399 . 5 39 7 0 0 0 27 ,.

O O O O O O O O G 1908 .1710 .1483 0 0 0 .tul 1477 .t474 0 0 0 26'

! BOTTOM or etAC?on CA.mit
,

.

Values listed be multiplied by~1015 to.obtain n/(cm2.s). The three-dimensional neutron volit:ne t ric i
source. distribution is integrated over the horizontal trancverse direction perpendicular to the'_ |
axis of the experiment to obtain the values listed. Note that the "A" row faces 'the PSF experitnent.
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2.0 : PSF STARTUP CHARACTER 17ATION PROGRAM - SUMMA M
W. N. McElroy

.

An 18-day Simulated Dosimetry Measurement Facility (SDMF-1) "Startup
Experiment" with dunimy metallurgical capsules containing only dosimeters was
performed prior to the two-year "P5F 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 PR&A
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 (Ma84b,To82a,Mc87c). A new set
of transport calculations (described in Section 1.3 of Ref Mc87c) was
performed 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 Dosimetry 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.I.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:

"1. .A simplified mock-up at the PCA (PCA 4/12 SSC), in which have been
systematically applied the large array of passive and active, integral
and spectra 11y-resolved techniques used in support of the PCA " Blind Test'
(Mc81); this includes the Belgium siliccn 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 4/12 SSC metallurgical configuration;
the sensors exposed encompass (a) the radiometric 103Rh(n,n '),
1151N(n,n'), 5BNi(n,p) and 27A1(n,a) react ions extensively used at PCA
(under:] above and in Ref. Mc81) and BSR (HSST dosimetry mock-up, Ref.
Ka82b)', and (b) the French graphite an! tungsten damage monitors (A.182b).
Power 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,
including-the UK sapphire damage monitors (Pc8?); many laboratories
part icipated;-core power; and ORR heat balance."

2.0-1
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He_further states:
'! "The p imary objective was to:

-- Confirm the metallurgical irradiation configuration as defined by
extensive mapping measurements at PCA (" trial and reject" of 8/7 SSC, 8/12
SSC, 9/12 SSC) and confirm the irradiation durations needed for the
various capsules.

The complementary objectives were to:

-- Link PST and HSST f vence dosimetry to PCA physics benchmarking
metrology.

-- Provide an international neutron metrology and analysis opportunity,
including the validation of UK, French, and Belgium damage monitors and
of dosimetry cross section data for crucial but less well known long-half
life radiometric monitors;

93Hb(n,n') versus 237Hp(n,f) and 103 Rh(n,n')

63Cu(n,a) versus 27Al(n,a).

A number of papers (presented at the 4th ASTH-Euratom International
Symposium on Reactor Dosimetry) deal with this experiment
(Dc82,A182b,WiB2,Ka82a,Pe82,To82a)."

__
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2.1 L OW-POWER PADIDMi1Rlr n! w;e[t rg;q pa ynop j p,gtg; _rg rL[q7t,
E. D. McGarry (fES)

Initial dosircetry to verify the fluc nce characteris t - < of the nt-wly built ISI
SDMF were carried out at low power, about U100th of the nominal 30-N
operat ing power of the Oak Ridge Research React or i:ecause of t he closed
instrumented conttruction of the PSI, as oppom1 to t he open dos ir et ry acc +
pipes in the PC A, the fission chacers that wre used so extensively in the
PCA had to be replaced with radiometric dosiroters. The part icular types of
radiometric dosimeters (e.g., (n,n') reactions in rhodium and indiun . the

| nickel (n,p) reaction, anJ the aluminum (n,a) reaction] had also been used
in the PCA where they were caliorated against TBS fluence standards, set
Section 2, Tables 2.2.6 and 2.2.7 of (Mc84i), and intercoupar2d to fission
chamber and SSTR measurements (Mc86c). Since the ORR-PSF was a 4z12
cvifiguration (McS4i) with a simulated surveillann capsule that had bt+n
designed and extensively studied at the PCA, these initial lo,'-power
measurements demonstrated that the spatial distriaution of flue Ansity and
spectral indices (reaction rate ratios) weie essintially the s m far thc
NA and PSF.

Subsequently, the PSF Start-up experiment with dosiretry in dc ty turseillance
capsules, in place of the instnerented capsuler u;eo fcr the met allurgical
irradiations, was perforced prior to the rmtallurgical irradiat ions to
determine accurately the irradiatier tin.m needed to reach target fluence
It was at this point in the LWR-Pil " I Program that longer half life
radiometric dosimet ry became t he prircipal neut ron-seectrum and fluence-
monitoring technique for all subsequent PSF benchmark experiments. The F3F
startup experirients were also used to benchmark radiometric dnsirret r;, as
oascribed at the fourth ASlM-EURATOM Symposium on Reactor Dosimetry, whero
ir terlaboratory conparisons of radiometric results were initially described
(>eS2,ToS2a).

Sectico 3.5 discusses the NBS counting and fluence st andards provided to HEDi
for bencNoarkina of radiomet ric sensors used in the PSF SDMF 1, 2, 3, and 4:
SSC-1; SSC-2; SfVC; and SVBC experimcnts. More comple% information on
" Benchmark Fielc Referencing" in support of the LWR-PV-tDIP is provideJ in
Section 2.2, Re'. Mc87c or Sectinn 3.0. Ref. McSEb.

, ! ;
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2,2 GRAPHITE AND TVNGSTEN DAMAGE MONITORS-MEASUREMENls ,

A - Alberman, M. Denoist, and M. Thierry |
.

2.2.1 Introduction to damage dosimetry techn,Lqu.g. '

I2. 2.'l .1 Geni 'al background

- Most damage parameters as.': d.p.a., fluence (f. > 0.1 Mev) cannot be derived
directly by customary neutron fluence measurements. Fast neutron reaction
thresholds are generally too high (1 Mev or-more) -for direct damage
analysis, 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 energy below 1 Mev depending upon the location inside the pressure
vessel,

2.2.1.2 Damage dosimetry

The preceding reasons led the Services des Piles de Saclay of Commissariat
a l'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 to 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
increased. rate af ter . irradiation is reported versus neutron fluence. Nickel

1gNi(n,p)gCocrosssectionforfastreactorpsimgryand2)areaction
s select as the activation detector for two reasons: 1) the well known

-

rate suitable.for_ the. damage. monitor range (10 -10 n.cm- ). The
- experimental' damage / activation _(DAR) ratio is then determined. 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

.

2.2.1 More details on these techniques are given elsewhere (Ge75. A177,
' Al?9),

2.2-1
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) 10 11 17 la 14 is

G.A.M.I.N. damage monitor
1

e e -

;2M _

i!'!I!!|||Il|||||!|||||||!!!{!!!!III''
i

9 10 11 12 13 14 is

tut!GSTEN damace monitor

Fig. 2.2.1. Damage monitors
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~ Special application to pressure vessel surveillance program (DOMPAC) was
~

carried out (A183). In particular, french PV steels have been cualified by
these techniques. It must be pointed out that resistivity measurements are
performed in Saclay.

TABLE 2.2.1

DAMAGE M0FITORS CHAPACTEPISTICS

G.A.M.I.N. TUNGSTEt1
,_

Sample /Al container :
. Length 45 / 55 mm 31 / 39 mm

. Outer diameter 2.85 / 5 mm 5 / 6.5 mm

- Resistor type 4 contacts 4 contacts
Typical resistance
value at 25'C 40 mn -10
-Temperature rance. 30'C .180*C 30*C - 300*C

Temperature dependance yes no

AR/R min,-max 1 % to 15 % 0.4 % to 0,4 %

Damage 2)luence range '5.165 < P < 10 " 7.1 d 5 < - - P y < 7.10
f

(n.cn
G

-

M

Accuracy 1 a < 3 % (5 samples) 1 o < 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 design 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.A.M.I.N.

-

- 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
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( y

- -w

Fig. 2.2.2 Damage Monitors Loading

TADLE 2.2.2

EXPERIMEFTAL C0FDITI0t!S

Container Position Dositnetry runs Power Temperature Duration
start-up

A SSC 26.10.1479 7.4 MW 75*C 2h00

2h08

B 1/4 T 26.10.1979 16.0 MW 66*C 12h35

Sh03

C 3/4 T 26.10.1979 16.0 PW 52*C 23h00
Sh03

2.2-4
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2.2.2.2 G.A.M.I.H. results

Experimental graphite' damage / activation ratio
c

r = 10-7 A R/R
A

Ni

is given per each G. A.M.I.N. monitor in Table 2.2.3 :
cAR/R : graphite resistivity increase after linearization

(ISIS standard procedure)
A =ag4 Ni' ONi number of (n,p) reactions per target atom

E : . nickel equivalent fission fluence (average of 2 foils)gg

58101 mbarn : average of Hi (n p) cross section over the fission spectrumo =
g4

TABLE 2.2.3

G.A.M.I.N. RESULTS

9 10-15
c

r FContainer Position ~ A R/R 0GA IN

(%) (n.cm-2)

40 a 7.019 10.24 6.784
41 b 7.234- 10.00 7.162

-A SSC 42 c 6.618 9.75 6.717 7.00
43 d 6.077 8.39 7.171
44- e -- -6.479- 8.95 7.164

45- a 9.181 10.20 8.912
46 b 9.249 10.34 8.852

B 1/4_T_ 47 c 8.744 9.21 9.400 9.24
31 d 8.355 8.59 9.630
32 e 8.674 9.11 9.427

33 a 5.663 2.27 24.70
34 b 6.109 2.50 24.19

C _ 3/4 T 35 c 6.724- 2.79 23.86 24.16
36 d 6.350 2.66 24.45
37 e 5.828 2.36 24.45

2.2-5

2. _ , - - _ . ,_ _ __ , - _ _ .



_ _ _ - _ _ _ _ _ _ _ _ _ -.

I

2.2.2.3 W results

The same way, experimental W dama9e/ activation ratio

r
s = 10- 5 .A R/R

A g4

is given in Table 2.2.4 :
rAR/R : W resistivity increase after discounting thermal damage

(s 5 %).

TABLE 2.2.4

TUNGSTEN RESULTS

r
s 5Container H'W Position AR/R 0 4 10~

(%) ( n.cm~ 2 )

141 f 0.102 11.99 8.445
142 g 0.097 11.21 8.595

A SSC 143 h 0.084 10.12 8.192 8.48
155 i 0.089 9.90 8.860
156 j 0.091 10.85 8.331
157 k 0.186* 11.96 -

158 f 0.119 11.31 10.41
159 9 0.113 10.51 10.66

B 1/4 T 160 h 0.212* 9.58 - 11.78
161 i 0.122 9.52 12.66
162 j 0.151 10.46 14.30
145 k 0.124 11.27 10.88 ,

146 f 0.095 2.92 32.16
148 9 0.073 2.79 25.83

C 3/4 T 149 h 0.065 2.54 25.45 27.60
150 i (broken) 2.48 -

151 j 0.193* 2.61 -

154 k 0.079 2.81 26.97
* aberrant value

2.2-6
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2.2.2.4 _ Summary of results

Table 2.2.5 outlines the preceding results.-
_ ..

TABLE 2.2.5

SUMMARY OF DAMAGE MONITOPS RESULTS

G.A.M.I.N. TUNGSTEN
Container Position . .. ,_

r Ar/r
_

as/ss
_

A SSC 7.00 1.6 7 8.48 1.5 %
'

B 1/4 T 9.24 1.9 % .1.78 7%

C 3/4 T 24.16 0.9 1 27.60 6.5 %

Without any additional analysis, it is clear that the surveillance and .,

1/4 T positions are fairly close with retpect to neutron damaging effects
(similar spectrum), while the 3/4 T position is about 3 times more " damage
efficient". .It.must be pointed out that- a very good consistency in these

' experimental'results has been achieved, and also that nickel- fluence must
-be: discarded as a damage-exposure parameter. The experimental-
damage / activation-ratio, as shown in Figure 2.2.3, displays similar behavior
throughout the SPVC and the vessel simulator, 00MPAC, operated by the
Services des Piles de Saclay (A183).

2.2.3 Damaae analysis. Exnosure parameter deviation

2.2.3.1 Damage monitor analysis

-Following EURATOM recommendations (Ge74) issued in 1974 by the EURATOM
Working Group on Reactor Dosimetry, we refer to equivalent fission fluence
as defined in 2.2.2.2. The damage / activation ratio for each type of damage
monitor has been shown to be proportional-to spectral. indices (ratio of
equivalent fission fluences) as follows:

G.A.M.I.N. : pg/ ppj = 0.50 r

TUNGSTEN : py/-pgj - 0 's

t

2.2-7
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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 THOMPSOF-WRIGHT model for graphite and " tailored" d.p.a. model
(A182) for tungsten.
Effective thresholds found by intercomparisons are :

D % 0 (E 0.075 PeV)
G

O ? O (E 0.3 MeV)g

Damage analysis in tungsten is a very interesting topic, from the point of
view that 99 is fairly close to PFe (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 conservative, whereas usual fluence
(E.> 1 Mev) can be misleading.

2.2-8
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TABLE 2.2.6

RELATIVE W MONITOR PESPONSE

Measured damage percentage DAR relative to SSC

10 kev 100 kev 1 MeV 10 MeV P / Fi y / 0 1 MeV

A SSC 6% -531 41% 1 1

B 1/4 T 9% 56% 35% 1.18 1.19

C 3/4 T 8% 721 20% 3.25 1.98

2.2.3.2 Exposure parameters in PV steels test positions

The simultaneous use of G. A.M.1.H. and W damage monitors provided accurate
determination of neutron environments. Correlations have been derived in
many reactor test positions ( A182). Exposure parameters such as F > 0.1 MeV,
f 1 MeV, and d.p.a. (=835.10~;" fgg) are oiven in Table 2.2.7 with respect
to nickel fluence in the four PV steels irradiation positions. Of course,
these damage / activation ratio are dimensionless, actual damage fluence are
to be obtained directly by means of nickel fluence adeouate measurements.

TABLE 2.2.7

EXPERIMENTALLY DERIVED EXPOSURE PARAMETERS

Positivo SSC 0T 1/4 T 1/2T

-

f 0.1 MeV 3.43 2.79 4.59 7.88
IHi

P 1 FeV 0.95 0.88 1.08 1.35
bHi

JEE-(d.p.a.)f
2.01 1.73 7.42 3.50

IPi

2.2-9
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2.3 [ilGH-POWER 18-DAY 00SIMfTRY RUN
W. N. McElroy (HEDL)

An 18-day Si.aulated Dosimetry Measuremert Facility (SDMF-1) "Startup
Experiment" with dummy metall lical capsules containing only dosimeters was
performed prior to the two-year " PSF Metallurgical Experiments" to accurately
determine the irradiation times needed to reach the target fluences.

The startup experiments were also used to test the accu acy of ORNL and RR&A
reactor physics calculations. The results of calculations performed by ORNL
and RR&A are discussed and/or referenced in Section 4.0. ORNL utilized a
flux-synthesis technique based on three calculations (mas 2i,Ma84a). The source
term was obtained from a three-dimensional diffusion theory calculation as
reported in Section 1.2. Ratios of calculated-to-experimental values [for
the 46Ti(n,p) and 237Np(n,f) re. tion rates] for the revised ORNL calculat ions -

range from 0.75 to 0.93. Discr e, .ncies between measurement s and calculations
relative to the startup experiments are within expected ranges based on previous
evaluations (i.e., PCA, Refs. Mc81,Mc84i,Mc84f), known uncertainties associatedo

with nuclear data, measurements, and applicable computational methodology.

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 ;nd the subsequent calculation of the PSI 4/12 irradiation facility
using both the ANISN and MCBEND techniques. These RR&A ANISN (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) and SSC2 experiments. They are also used in
Section 6.1 in the derivation of recommended exposure parameter values for
these experiments.

Sections 2.3.1, 2.3.2 and 2.3.3 provide information (and/or references) on UK p
Radiometric (RM), CEN/SCK Radiometric (RM) and UK Sapphire Damage Monitor -

(SDM) measurements performed by program participants, respectively.

,
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_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ - .-



, - - - . - _ . . . _ _ . - . . - - _ _ _ _ . _ . . _ - , _ . _ . _ . _ _ . _ . _ - _ __

,

2.3.. Results and Analysis of UK Activation Dosimetry
in- the ORR/ PSF Characterisation Program -

.A. F. Thomas:(Rolls-Royce & Associates Ltd., UK);
A. J. Fudge (AERE Jlarwell, UK)

.

2,3.1.1_lntrdduction

Rolls-Royce & Associates Ltd. , in collaboration with AERE, Harwell have
provided neutron dosimetry packs for inclusion in both .the 18-day f ull power
dosimetry /thernal characterisation irradiation run and the metallurgical
capsulatirradiations in the ORR/ PSF 4/12 LUR Pressure Vessel Simulator.
These have included a wide variety.of neutron activation detector materials
as well as sapphire direct damage nonitors. .The principal neutron activation
. rates of interest were as'follows:-

Dosimeter Neut ron Reaction

Nb 93Nh(n n')93MNb
58Ni 58

Ni(n.p) 54'in
Co

Fe 54
Fe(n,p) 4646
Ti(n p) 60co

Ti 3e
Cu 63Cu(n,w)

59Co(n,f) 60CoCo/Al
SMFe( n, /) 59 FeFe

,

This report describes the experimental design and measurement and analysis
results of the Rolls-Royce & Associates Ltd. neutron activation dosimet ry
carried out in the ORR/ PSF (4/12) characterisation programme, in which both
. AERE Harwell~ and AEC Linf rith activation measurements are discussed. Results
of the fapphire di rect damage non! tors (cposed sinultaneously in this
irradiation are described in Sections-5.2 and 6.-1; also, Section 2.6, Ref. Mc87c.

2.3.1.I Fxperimental Dosinet rv - Capsules Preparation

; Rolls-Royce & Associates'Ltd.-supplied ORNL-with 6 dosimeter packs (see
- Fi g .' 2.3.1.1) contained in stainless steel capsules which were prepared by
ARRE Harwel1 in-the following nanner.

Dises ;of netal each ~2.9mn in . diameter are punched from pieces of foil n.25mm
thick obtained.in a pure form fron either Goodfellow Metals (UK) or Materials

Research (UK). The. materials 'used are nickel, iron, titanium, niobiun and

.

- copper. Cobalt :1s- also .used - as a - cobalt /aluni nium al 'oy --(0.745% Co) . in the
~

'

-forn'of a 4;i re hant- into rings. The foils and rings .are weighed and placed
'

'

i n -a - 's tanda rd '' s tai nl ess steel capsule. In a 's tanda rd ' capsule.a sapphire

damage nonitor (SD'!) is. wrapped in aluminium foil and also'placed in the
. stainless steel capsule on top of the. metal foils. The volds between the
SD!! and the capsolo ar packed with crumpled alnminium foil to ensure good

2.3-2
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Monitor Foils
( 1 Aluminium Foil Wmpped.

Titanium
Sapphire Crystal

Copper Niobium 2mm x 3mm x 10mm
I

Nickel Cobalt Aluminium Foil

Iron Stainless Steel
18/8

'''? 'I'h''''I9hi$ \

if
'

_,

L)10])]] g@ @gdwa$ )t
y ,.

4'L

s(; .. .., ...
, ,

Wek*>d
Welded Stainless Steel ,End Cap

End Cap Capsule (
,

6mm o/d x 20mm Aluminium Foil Spacers Cempacted
Aluminium

SS252 ksARCH 82

FIGURE 2.3.1.1. Sapphire Damage Monitor and Activation Monitors Irradiation Capsule.
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- thermal; contact between . the shophire and the capsule. The end 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 6mm (see' Fig. 2.'3.1.1).

The contents and weights of activation naterials incorporated in these
capsules are shown in Table 2.3.1.1.

1 Capsule Location and Irradiation

The capsules supplied by Rolls-Royce & Associates Ltd. were located within
Ethe ORR/ 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, ar the irradiation of

capsules _ began on- 14th October 1979. The irradiation continued for 18 days

and the reactor was shut down on 14th November 1979. The time and power

histories of the irradiation'are shown in Tables 2.3.1.3 and 2.3.1.4. After

irradiation Lthe dosimeter capsules were returned to AERE Harwell for
activation analysis.

2.3.1.3 Activation Measurenent Techniques

;Following' irradiation, the dosimetry capsules were dismantled and the
- activity on each of the dosineters was neasured first by AERE Harwell and,
: subsequently, also by AEE Winfrith.. Each material was identified by a .
suitabic neans and all the various foils and wires -(except niobium) were
counted without . chemical preparation on a Ge(Li) detector.

Table 2.3.1.1 - Contents of Rolls-Royce 6 Associates Ltd.
Dosimeter Capsules Irradiated in the ORR/~ PSF
18-Day fosimetry Characterisation Run

- Monitor Weight (mgs;
Capsule Number

Monitor 1 2- 3 4 5 6

Material

'Fe | 18.03 16.76 '19.32 17.09 18.78
Cu | 22.72. 21.80 21.82 20.51 20.87

i -Ni -Not 20.35 20.72 20.36 21.80 21.72
Il LTi-. _Used- 10.91 11.07' 10.11 10.51 10.'s

L Co/A12*1 13.50 -3.13 - 3.82 3.26 3.00

h Nbi 0.58 0.45 0.44 0.48 0.57'

| __

t T (offset) SSC iT t T- fT-Location -

*: Co/A1 wire contained 0.743% Co by weight

2.3-4
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h Table 2. 3.1. 2 - De t ai l s cf Rolls-hovce L Ass oc i at er, Lt d.
,$ D:>sinet ry C1Psule Loc a t i i m s in ORR/ PSF (a/12) 184v-
P Dusitwt ry Chara :t erisat lon kun

Sample | I r ratiiSt lon Distance ! -\ r.1 i l !ietght Litt ral
I Abw Mid Of f se t (:n)!! amber Location fron Core

Face (en) Plane (cm)

16.15 | ~0.35 9.03 N5C i

4 i PV S! I 'l ! .12 - 12 . :? | '>.n
i I

.

i

)' -.10. l f,
-

2 .1 offset 11.12 -12.2 +

4

5 }T %.'i2 I -12.' O.0

(> {T 41.92 -12.2 0.0
;

[ _ -- __ _ _ _ _ _ _ _ _ .

T 19 PV wall thickness e.g. !T = quarter thickneu

, , , - i /' ,! / / >

''/ _SSC_/ ~,,/ /
'

,: / / .--::
. - ,

'7, Ry
y/4 T1

h''//
,-/ off

| | } }3
- .'j /,

7'
,

3

/s -f' 1/4T'; /

)Rf x) )f, h_. [/' / 'T[[T,-< p- -,

1
- x / / / w/.

1. w
'i

c

,/ , '/x 1/2T) R) )R; _. l i / /T

j'y ._r / , ,- ,,

4, / - , ~ ' . /
->

) 1 .' %
.

L' '

//f y 1/u, T aff,

// r -

: ua / -

: E' PRESSURE-
VESSEL'j[ ,-

- / / //

-

b j Al 2'_ STEEL
FUEL )R )ROD

-

FIGURE 2.3.1.2. ORR/PST (4/12) 18-Dav Dosimet ry Run Conf igurat ion.
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Table 2.3.1.1 - Timing of Exposure for the ORR/ PSF (4/12)
1H-Day txis itw t r v Cha rac t e r i sa t ion it un

Lo c Et. l on [Etfective Ful1I
~ ~~

}
Channel * power ( 30 'N)

'

Begin Exponure ** End Exposure **

with Sample 1:xposure (s)
?|o . in bracketsI |

I , I
c,5 C (3) I 1.512 > ld' Oct 27; 2: 2(' : D0 pn !;ov 14; R: 54:50 ata

(
0

pVF } 1.494 x 10 net 27; 8: 20: 48 pm idem

61/4 T (4) 1.512 x 10 Oct 27; 2:26:n0 pn !Jov 14; 8: 43:00 nm

1/3 Toff (2) 1.338 x in" net 29; 4:10: 18 pn !;ov 14; A: 54:50 am

61/2 T (5) 1.491 x 10 net 27; 9:10:56 pm iden

h1/4 T (6) 1.489 x 10 net 27; 0: 17.15 pn iden

.. .-
_ _ . _

* SSC : Sinulated Surveillance Capsule

pVP : Pre s s ure \-e swel Front

1/4 T : Vessel Guart er Dick aem

Of f-cent red i'essel Ouarter Thickness1/4 Toff -

1/2 T Vesnel 11alf Thickness.

3/4 T : Vessel Three Ouarter Thickuess

** 1.oc a l time, Oak Ridge, Te n n( s *; e e (USA)

2 . 3 - t?
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Table 2. 3.1. 4 - ORR Co* + Power llis t ory During t he ORR/ PSF ( 4/12)
I H-Day i~81ne t ry Charac t eri nat ion Run (ORK Cycle l_51 A)

Date I n t cy. ra l * llou rs Ope ra t ed A ve ra ge Daily
Power (5Nh) ! Powe r ('En

__

. 10-27-70 6no.on 24
'

25.00

f
'

7??.24 25 ** 28.F4in-2R
1

10-20 702.78 24 { 29.28
'

..

10-30 714 . fd, | .4 1 29.7a
I

'

10-31 717.04 | 24 24.P9
' '

11-1 ! 68G.45 2 3. 6 5 * * * 24.44,

I

11-2 718.20 :. 'i | 29.02
'

|
|11-3 { 713.89 24 2 4 . 7 '.

f
11-4

'

712.80 la ~") . 7 0i

I j
11-s L 702.44 f 24 | 29.27

I

11-6 711.76 f 2 '+ 11. f + 6)

11-7 710.24 24 'O.59
_

f
l

-

'11-8 709.44 24 29.56

11-O 707.24 24 } 24.47
I

f I
11-10 | 712.88 24 29.70

11-11 717.16
'

24 ! 20.MH
'

I | l
11-12 I 715.72 I 24 { 20.82

I |

11-13 | 715.28 'A { 20.8n
I I I

11-14 ;4n.38 } 18.417 **** 29.14g

* Core t herma l bilance -ewurenent, oc Ucekly R yort
** End of in y l i p,h t Ra v i ng, time

*** ' lea c t o r v u shut .!na from In:M A.'!. to 10 : '! ! A.'t.

**** Reactar v.n, re-s t a r t ed 5. 5R 1 h atter end of d o s i" e t r y run

2.3-7
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The outruit from the ne(Li) detector wis fed from i t *, prearplifier to a

Canberra nodel 2121 spectroscopy amplifier. The annlifier nutput was in turn
fed vi, a Canberra model H621 analonut -t o-digi t al conve rtor to a Canberra
Serien P0 nult i-channel analyser. The panna-ray spect ra we re then recorded
on nannetic tape anl the T -peal- a re a s w rr det e rni ned usi ny, t he G A"N: AL code
(G u 7 2). Tho acf los i met e rs we re count ed f or suf f icient ly long to give

precisions of au t.

The relat t ve i nt e .ites nf the activitles induced at di f f e rent locations
were determined by po,itioning each sample in turn (eith the exception of

(-ray spect rometer and neasuring t hentnblun) at a fixco distance from a
int ensit y of the '.-ray peaks of interest. The absolute activities were
det e rni ned by t aki ne one or two samples of each type int o solut ion an:1
pr e pa ri ng liquid source * f or presentation to a spectroneter which hol been
calibrat ed uulne 9 t anda ri source solutions in nominally ident ical source

hniders.
-

The nuclear data used in the det ermina t ion of absolut e activi t ies war alen

from (7.1 70) an1 is sunn.ir i sed i n Table 2.3.1.5 The values of absolute
act t vit y a re given in Table 2.3.1.L an i a re quot ed in t e rm s of disint egrat inns

pe r recond per milligran of dos imet er nat e ria l.-

Table '. 3.1. 5 - !!uc lea r Da t a lined in Ac t ivat i on Analysis of

Hollr-Rnvce & Associates Ltd. Dosineterr in the
Otm/ PSF ( 4/12) IS-Dav Dosinet ry Characteri sat inn
Run ( Taken i ron ( 2))

Meactton IIntopic ~ Product ProJuct '( -Kay Abundance of
__ _ __

j Abundance Half-Lif e ( hrs) , Energy (kev) product T -Rav
I |

l ''Fe(n,p) '?la 0.058 7.500 x lo 834.R l.n

'' 8Ni(n,p)58Co 0.683 1.709 x Inl R10.8 0.995 _

'6Ti(n,p)0"Sc 0.081 2 n12 x in 889,3 1.03.

1120.5 1.0
|M Cu(n g)h0Co n.692 4. 6 21 x I n#+ 1137.2 1,0

1332.5 1.0
I I

>

o3Mb(n n')orh b 1. n M 1. 418 x IC 16.6 n.1in
<

a5"Co(n,j)60Co n.nq74 5* 4.621 x la 1137.2 1, i > -

'
I j 1172.5 i 1.3
I I

iO' i Ino9.2 ) n.5nSMFe(n, N o re n nn,
'

i.nno x
, ! 1201.6 | P 4 38
I ! |

W* n.745 /o cnbilt in Aloni niu- Ut re

3-F<

_.__ _ ___ _ _ _ ___ _ _____.__ _ ______ _ ____._. _ __.____ _ _ _ _ _ _ _ _ _ _ __
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Table 2.3.1.6 - Absoluto Art tvit les Measured on Rolls-Poyc3
_

& A <: s o c i a t e t Ltd. Onsineters l' sed in nRR/ PSF
.(5712) IM-hav llos ime t rv. Characterisation ku n..

Activity Measured
dps/ng of Dosineter ".aterial*

Monitor Nuclide Counting 6tpnule 31"ansulETII5sule 2 Capsule s Capsule 6

' tat o rial ' tea s o rc el Laboratory' UC 't !T !3 (off- !T iT
- - - -

- - - - - I set)
-

|
- ---. -

Iron b '' " n AERE 1.143E4 7.079E2 5.261E2 2.617E2 9.326El
AEFU l.171E4 6.420E2 4.960E2 2. 6 3nr2 4.027El" "

3'

AERE/AEEu ' n.98 1.02 1.06 1.00 '1.n3" "

to
Fe AERE 3.611E4 1.929E3 1.555E3 6 . 6 5 '* E 2 2.99BE2" '

j AEEU 3. 7 5 3 E '. - - - -""
,

AERr/AEru n.47 - - - -" "

60Copper Co AERE 1.540E?A* 9.98000 7.6 %EO 4.441E0 1.691E0**
AEEU l.262E? 9.300E0 7.360E0 4.210m 1.470E0" "

AFRC/AEEU l.22 1.07 1.04 1.05 1.15" "

SRNickel Co AERE 6. UM 5 3.847F4 2.877E4 1.5nlEa 5.440El
" " AEeu i 6. l V" 5 3. 6 80 E4 2.680E4 1. 4 0 4 E '+ 5.0 ROE 3
" " AERE/AEFW l.04 1.05 1.07 1.07 1.07

46Titanlun Sc AERE 9. l l7E 3 5.973E2 ' 4.276C2 2.210E2 5.44REl**
! AEEW x.77003 5.560E2 4.070E2 2.110E2 7.200Ei" "

AERE/AEEU l.04 |1.07 1.05 1.05 0.75" "

"obalt*** 6"co AERE 9.725E4 3.640E3 Lost 2.527E3 1.209C3
! AEEU 9.120ra 4.090P.3 - 2.272E3 1.104E3" "

) AERE/AEEW l.07 0.89 - 1.11 1.In _

" "

Niobiun | 93"'Nb AERE - - - - -

AEEW l.979E4 1.255E3 9.160E2 5.760E2 2.870E2" "

" " AERE/AEEU - - - ~ ~

1

SKActivity ounted at end of irradiation (14/ November /1979) except Co*

( 2R/ Novembe r/14 79) .

** "rnbable counting errors.

*** n. 7 '.W/ o Cob il t in aluniniu wire.
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Ninhium !!easurement

in the case of the niobtun foils, the reaction of int erest was "Nb(n.n')
9 hib. However, since 93*Nb is a weak (16 kev) X-ray eni t ter only, it
suf f ers f ron severe self-shielding in netallic form, and in addit ion

fluorescence fron contaminating tantalun atona ep'ses interference in
measurement. Thus it was not pusible to count Nb using the sane
octhods enployed f or iron, nickel, titaniun etc. Instead the nethod
developed by CI:N/SCK, !!al, Mel ;1un was adopted (To 80) in which the nichiumt
f oils were di ssolved and ve ry thin ( ^ 0. Ingn/ce) s~trces prepared on
filter paper f or counting at a distance of SDnn f rom a high purity germanium
X-ray spectroneter. Howeve r, the level of activity from the total of 0.5mgn
of niobiun in each deposit was low and the accurate det ernination of the

absolute value of this activity required the use of an X-ray spectroneter
with a high sensitivity to low energy ( w16 kev) X-rays. In order to do this
the high purity ge rmanion V-ray spect roneter was calibrated using absolutely
calibrated radio-active nources, obtained from the Radiochemical Centre (TRC)

241 in9Cd , b 7Co. These pa rt i cu la rat Anershan. The sources chosen were gn,
rources were chosen because they fulfilled the following c riteria:-

(a) They have X-ray or ganna ray peaks in the region of in t e res t i.e. around
17 KW.

(b) These peaks have sufficiently well known nodes of decay to nive branching '

ratios accurat e to about + 2*'.

(c) They have reasonably long half lives of at least 1no days.

The st anMrd sources were made int o thin deposits in the sane'uay as for the
- nioh!um nanples and presente:I to t he s pe c t rone t e r a t the sane position for

counting. Thi s poni tion was co-axial with t he alumintun can hous t on the
ge rmantun c rys t al, but 50 mn from the bery111un window. This distance fron
the detector was chosen in order -to -reduce the probability of sun peaks
occurring.durina calibration. This is a particular problen in this ene rgy
renton becaune of the high value of the photo-electric crons-sectton which
is_ the principal nerhanism of photon detection at these ene rgi en.

|

ii This calibration nethod resulted in a detector calibration factor with an
'

error of + L ?!.
_

l'ach depos it was neasured twice and-a weighted nean van taken of the niobium
peak areas. In all cases the agreement between the two neasurenent s was
compa t ible wi t h t h- errors. The K , and K . X-ray peah' we re al l resolved,f
and were an tlysed serTrately again using the CMiANAL codo.

|

|
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The di r, int egration rates were calculated using the expression below:

(K + K c]
(E $)A =

B

where Ka is the count-rate from the niobium K , X-ray, E , is the detcetor
efficiency at this energy, and similarly for K R is .he branching rat iog.,

f or the production of niobiun K X-rays.

E - 9. 40 x 10-3 + 3?,
nI - 9.85 x 10'3 I 3%
B = 0. l l f> 1 3.4f

~

In order to establish the extent of any residual fluorescence effects, two
deposits were produced f rom the SSC sample; one of 0.4523 nn, befug of
similar nans to the deposits f rom the other four samples, the other of 0.0412
mg, having a mass about ten times less. The neasured specific activities of
the two deposits dif f ered by only 1.6%, with errors of 1.0% on the light
deposit and n.9% on the heavy. This test indicates that fluorescence effects,
if they are present, are probably less than 1%.

Measurenent I!ncertainties

A sumnary of the estimated uncertainties in activity measurenents nade by
h,th AERE, liarwell and AEE Winf rit h is shown i n Table 2.3.1.7 The random
errors (typically e + 1.5%) are due to counting statistics and uncert aintier,
in the analysis of tIIe ganma ray spectra using the GAttWAL code. The

systematic errors are mainly due to uncertainties in the ap3"Nb activity
olute calibration

of the GeLi detector systems, although in the case of the

measurements made by AEE Winf rith an uncertainty of 13.4% was also assummi
for the emission probability of the K X-rays.

Comparison of the AERE Harwell and AEE Winfrith measurements in the context
of the above uncertainty estinates indicates general consistency between the
two r.ets of neasurements, the overall tendency f or AERE Harwell measurements
to be higher than AEE Uinf rith being consistent with the likelihood of
systemtic calibration dif ference between the two laboratories. The
exceptions to this general rule are the sometimes la rge and variable
dif ferences between the measurenents of I'OCo (from 59Co (n,T ) and l' 3Cu(n,uc)
reactions) and the 4f'Sc activity at the !T position.

.
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Table 2. 3.1. 7 - Overall l'ncert aint i es on Ac t ivi t y Measurement s
Made on Rolls-Royce 6 Associat es 1,td. Dosimet ers
t's e d in the ORR/ PSF (4/12) lH-Day Dosinetry
CharacterIsation kun

Nuclide [ Countinr, l'ncert aint y (17 )%
Measured l_nhorat ory Random 5;ve t ena t i c

50 Mn AERE 2.0 5.0
" AEEW l.6 2.0

59 Fe AERr '' . 0 5.0
" AEEW 1.3 2.0

60Co AERE 2.0 5.0!

ALEW l.5 3.0"

58Co AERE 2.0 5.0
AEEW i.5 3.0"

46 ge gggg o 5,n'

" ALEW l.0 I 3.0
91nNb AERE - -'

AEEU l.0 4.5"

Table 2.1.1.8 - Keaction Rates Measured on Rolls-Royce & Associates Ltd.
Dosimet ern Used in ORR/ PSF ( 4/12) 18-Day Dosinetry
Characterisation Run

Neutron Reaction Rate at 30 MW ( per Target At om pe r Second)*
Reaction SSC IT lT (of f set) }T 21'

50Fe(n.p)S4ftn 4.RRE-13 2.93E-14 2.42E-14 1.12E-14 3.91E-15

5BFe(nl)S9Fe 4.RIE-12 2.51E-13 2.25E-13 8. 7 6 E- 14 3.95E-14
I

63Cu(n,%)60Co 3.07E-15 2. 34 E- 16 2.06E-16 1.06E-16 3.63E-17

58Ni(n.p)58Co 6. 60 E- 13 3.91 E- 14 3.22E-14 1. 50 E- 14 5. 54 E- 15

46Ti(n,p)46Sc 6 . 61 E- 14 4. 2n E- 15 3. 41 E- 15 1.60E-15 5.37E-16

59Co(n,$)60Co 1.97E-10 8.09 E- 12 - 5.09E-12 2.46E-12'

43Nb( n ,n ' ) 4 3Nb 1.51E-12 9.58E-14 7 . 89 E- 14 4 . 4 6 E- 14 2.22E-14

* Mean of AERE and AEEW naasurement s except where measurement data was
inconsistent (see Table ?.1.1.6).
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2.3.1.4 Activation Analysis

The measured activitice shown in Table 2. 3.1.6 a nd the irradiation historien ;

given in Tables 2.3.1.1 and 2.3.1.4 were processed by the Rolls-Royce 6
Associates Ltd. comput er code ADA. This code treats the power history ai4 a
series of timesteps and calculates the radionuclide production and decay
f actor f( .\ ,t) in

Reaction Rate = 0 & = A

N . f ( 'A . t )

where.A = measured activity
N = target. atom number densit y
Tr a effective reaction cross-section
0 = neutron flux density ,

%a decay constant of radionuclide

such that the reaction rate, e h , can be calculated. This code allown for

hurn up(of targ# ubich have netastable products unch as Conucliden as well as branching reactions such
et and product ,

-an Nih n.p)Co J85 These
reaction rates cro tabulated in Table 2.3.1.8

For the purposes of this table, tho activitles used in calculating the
reacticn rates were the mean values of the AERE liarwell and ACE Winfrith
measurements except for 46Ti(n.p)46Sc at the iT position and 63Cu(n m)60cn
at the SSC and. |T positions for which AEE W.inf rith measurements were used,
as these appeared nore connistent with the rest of the reaction rate
meanurements.

In an attempt to establish the validity of the RR&A dosimetry results, the
fant neut ron reaction rat es measured on the RR&A dosimetry packs were
compared with the f ant . neutron reaction rates measured on the CEN/SCK
(bio l . helgium) Interlaboratory Dosimetry packs.which had been irradiated

. simultaneously. These reaction rates were measured by CEN/SCK and also by
PTR (Braunschweig, W.Cornany) and ECN (pett en, llo11and) and a high degree
of consister.cy was established (To R2a). Since these donimetry packs vete
irradiated at different axial heights, for the purposes of comparison both
the RR6A and CEN/SCK interlaboratory reaction rate measurements were
converted to equivalent core mid-plane values by applying axial correction
factors derived from (Fa 80a) and reproduced here in Fig. 2.3.1. 3 and i n the

:forn of Table 2.3.1.4

.
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2.3.1.3 - Absolute Vertical Fission Flux Distributions at ITFigure
Thickness of ORR/ PSF Pressure Vessel Simulatot:
Showing Location of Ur. and CEN/SCK Dosimetry
in PSF (4/12) 18 Da,y Characterisation Run

1.5

P

'2
" SSC

T h
[ PVS i

' 'm
i i., ,

I i '
'*

.

#7 i 1

l~

6 'I ,

1 I , i
1 ' ' PSF] !s

, i : (EOC)E g
U l ISCK ,

t0 y UK UK

e
CbH/SCK 4r

?
m

( PSF

(DOC)

U
e
z

HEi A8,LUR GIC AL

EXPOSURE ZoHE

Di$1 ANCE TO RE ACTOR M10PL AND (mm]
'

0.5 '

200 -100 0 100 100 300

| SURVEILL ANCE CAF 5ULE |

2.3-14

. _ _ _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ __
_



_ . . _ _ _ . _ _ _ . _ _ - - - - - _ _ . _ _ _ _ - _ _ _ . _ _

.

i

!

>

i
;

Table 2.3.1.4 - Correction Factors to Adjust ORR/ PSF (4/12) Reaction
Rate Measurements to Equivalent Core Mid-Plane Values I

~

Lo~ cation Correc tion Factor to Core Mid-Plane
RRA I

CEN/SCE.-

SSC 1.0 0.98
{T 1.06 l.02

'

IT (offset) 1.06 1.02
}T 1.06 1.02 ,

!T 1.06 1.02

A sunmary of these comparisons is shown in Tabic 2.3.1.10. The uncertainties
in the CEN/SCK Interlaboratory measurements have been quoted as being similar
to those of AERE Harwell and AEE Winf rith (To 82a).

,

There appears to be a tendency for .the RR6A dosimeter reaction rates to be on

average about g% higher than the CEN/SCK Interlaboratory dosimeters, although6~

ghe Cu(n ' Co a t the }T and IT are up to 25-10% higher, whilst the
3Nh(n n') "Nb are up to 8% lower than CEN/SCK data. The possibility

that the RR&A copper dosimeter foils were contaminated with cobalt has been
investigated, but cobalt levels were found to be ~ 0.1 ppn, so that this is
probably not the cause of the discrepancy.

_

2.1.1.5 Conclusions
i

1. Activation dosimetry measurements have been successfully made by
Rolls-Royce & Ansociates Ltd., using standard AERE Harwell dosimet ry
Iacks and counting methods on the ORR/ PSF (4/12) 18-day dosinet ry

;

characterisation run. . >

2. Intercomparison of activity measurements between AERE Ilarwell and
AEC Uinfrith on the Rolls-Royce & Associates-Ltd. ,losimeters revealed
the existence of several discrepancies well outside the anticipated
errors in counting methods.

'

3.- Intercomparison of renetion rate measurements nade on CEN/SCK (Belgium)
and Rolls-Royce _6 Associates Ltd. (UK) dosimetry of the ORR/ PSF (4/12) '

18-day run indicates a bias of about +5% in f avour of the UK measurements
when both sets of results are corrected to reactor mid-plane values,
llowever, theg.are sevegl inpggtant excg*tione to this trend,
notably the. Cu(n a)Co and Nb(n.n!) Nb reaction rates at the JT
and 3T PVS positions, where the discrepancies are well outside the
uncertainties in correcting data to reactor nid-plane values.
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Table 2.1.1.10 - Comparison of Reaction Rates Measured on Rolls-Royce
and Associates.1.td. Dosimeters and those ficasured on
CF.N/SCE Interlaboratory Dosimeters in ORR/ PSF (4/12)
lH-iny Dostmet ry Charac terisation Run ( All Data Ad _ustedi

to React or Mid-Plane Equivalent Values)

Reaction Rates at 30 MW
( pe r Ta rge t At on per Secor.d)

_

Neutron Doninetry
-

_ Eenetion Pack SSC iT }T IT' '

54Fe(n.p)S4?in RRA 4.R80E-13 3.106 E- 14 1.187 E- 14 4.1450-15|

" INTERLAB 4.635E-11 2.925E-14 1.110E-14 3.965E-15
RRA/INTERLAB 1.05 1.06 1.07 1.05"

60 RRA 1.070E-15 2. 480 E- 16 1.124 E- 17 3.848E-1763py(y,g)cn
| INTERLAH 2.920E-15 2.239E-16 8.539E-17 3.06BE-17"

RRA/1NTERLAB 1.05 1.10 1.31 1.25"

58Ni(n.p)5RCo RRA 6.599E-13 4,145E-14 1.590E-14 5.872E-15
" INTERLAB 6.580E-13 4.061E-14 1.583E-14 5.806E-15

RRA/lNTER1,AB 1.00 1.02 1.00 1.01"

46Ti(n,p)46sc RRA 6.610E-14 4.452E-15 1.696E-15 5.692E-16'

" 1NTERLAB 6.212E 14 4.274E-15 1.598E-15 5.595E-16
RRA/INTERLAB 1.06 1.04 1.06 1.02''

93Nb(n n')93*Nb RRA 1. 510 E- 12 1.015E-13 4.7 28E- 14 2.353E-14l

INTERLAB 1.575E-12 1.016E-13 5.141E-14 2.584E-14"

RRA/1NTERLAR 0.96 1.00 0.92 0.91"

_

$
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2.3.1.6 UK fleasurtment s of OR]& Copp.er Foill Irradiat9d in the PSF Star _Ulp
Characlerization Proste

I
i

l

2.3.1.6.1 Introduction

Within the f ramework of the ORR/ PSF (4/12) characterisat ion run. ORNL .

supplied the UK with sorte copper foils which had been irradiated in the |

nimulated curve 111ance capsule (SSC), and f T, iT and lT locat ions in the
pressure vessel simulator (PVS) and were part of an interlaboratory
comparison exercise. The activation measurement of these foils was carried

iout by AERE Harwell in the sane manner as that reported f or the UK donimeters
in Section 2.3.1 and the analysis perf ormed by Rolls-Royce & Associates Ltd. ,
UK.

.

2.3.1.6.E Results

The activity of interest was Co60 f ron the threshold reaction 63Cu( n ,tW) 60Co.
The result s of the activation measurements are shown in Table 2. 3.1.11.

Table 2.3.1.11 - Results of UK Act ivation Measurements on ORNL Copper
Foils Irradiated in ORR/ PSF (4/12) 18-Day Dosimetry
Characterisation Run

"3Cu(n,4)NOCo Predicted NeutroaFoil Jrradiation Activity (dps/mg)
No. Location Cob 0 at End of Reaction Rate Flux (E >l MeV)

Irradiation ' reactions / atom.s n/cm /32

1 SSC 1.169E2 2.840E-15 6.174E12
(0.99)*

3 IT 8.667E0 2.106E-16 1 4.129El1
(1.01)*

2 iT 3.215E0 | 7.922E-17 1.932 Ell
(1.02)*

4 !T 1.lb2E0 ,| 2.865E-17 | 8.682E10
,

(l.02)*

* Value of RRA/AERS measurement with respect to CEN/SCK value.
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It was noted that the ORNL foils which had been supplied to the UK had
been irradiated. in the natne locations as those measured by CEN/SCK Mol,
Belgium and reported in (To 82a). Also shown in Table 2.3.1.11 therefore,

are the comparisons of UK results to CEN/ SCC results. The results show
a very good agreets nt and considerably better than that for the copper
foils of UK origin. Since the latter does not appear therefore to be

due to discrepancies in counting methods, these results would seem to
cast considerable daubt on the quality of the UK copper source material
used in the RRA/AERE dosimetry packs. 110we ve r , inspection of Table
2 3.1.10 reveals that in terns of the UK neasured reaction rates the
f Cu(n,00 activities are nevertheless consic. tent with the other reaction
rates neasured. The discrepancy noted in Section 2.3.1 therefore remaina
unresolved.

2.3.1.7 Acknowledaments.

The authors wish to thank Mr. M. Banham and Mr. M. Wilkins of AERE-Harwell
(UK) for supplying and counting the dosimetry capsules used in this experiment
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2.3.2 C.INSCKESUllS AND ANAllSIS
H. Jourw6 and A. Fabry (CEN/SCK)

As stated by Tourw6 et al. (To82a), SCK/CEN 1101 supplied OPNI with
interlaboratory steel and gadolinium capsules and with difforent sets of foils
lhe final I ounting of the SCK/ClN capsules wa., done at ORNl . Each capsule
contained six Ag/Al, six Co/Al, six Nb, six fe, six Ti, six Ni and two Cu
foils. The gadolinium capsules were filled by ORNl with fission detectors
supplied by HLDL. Placement inf ormation for these sensors in the psi-SDMF is
provided in Table 1, Ref, lo82a.

lhe activation detectors were irradiated in the PSF facility of the ORR reactor
during about 18 days. Details of the irradiation histories are given in Table
2 of Ref. To82a.

-

The interlaboratory capsules were dismantled after irradiation at ORNL. part

of the interlaboratory capsule content was sent to SCK/CElbMol, the remaining
part being sent to HEDL. Af terwards. SCK/CEN provided ICN-Petten and PIB.
Braunschweig each with a detector set of each irradiation location. All
detectors were counted by SCK/CEN before shippment to ECN and pTB.

The AERE/RR$A capsules were dismantled by AERE narwell. The dosimeters from
these capsules were counted at AERE-Harwoll and AERE Winf rith.

The Cu foils of the interlaboratory capsules were sent by SCK/CEN in a round
robin to all European participants.

,

The axial fast neutron flux distributions in the dif ferent irradiation locations '

were measured by means of Ni cetectors. A cosine function was fitted to the
experimental data, see Table 3 (Ref. To82a) and Table 3. lS of Section 3.3.2 of
this report.

The counting results (specific activities at the end of irradiation) of the
different laboratories, normalized to the SCK/CEN results, are shown in Table -

4 (Ref. To82a) and lable 3.14 of Section 3.3.2 of this report; see Section 3.3.2
for a discussion of the results of the comparison of these European results.
The Section 3.3.2 discussion was extracted by Gold from the Ref. To82a 4th ASTM-
Euratom Symposium paper.

Tourwb et al state that one-dimensional ANISN transport calculations in a 171
energy group structure were performed by ORNL, while two-dimensional discrete
ordinate transport DOT calculations in a 17 group structure were performed by
SEK/CEN (To82a). They conclude that three-dimensionsal calculations are
required to deal with leakage problems. They then discuss the derivation of
spect rum averaged cross-sections that are used to determine neut ron flux values.

Tourwe et al. conclusions for the European study of the physics-dosimetry
results for the 18-day p5F Startup Experiment are:

' -- The specific activity results between SCUCEN, ECN and PIB are
exec 11cnt; t he agreement between MRE-Hans ell and MRl -Winf rith result s
is reasonable.

2.3-19
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- Heutron flux values, based on countings performed at different European
laboratories, were presented. The fast neutron flux > 1 MeV in the SCC
and 1/4 I position could be determined with an accuracy better than 10i.

-- The considered ENDT/B-V cross sections are consistent. However, the
ENDT/B-V data of 63Cu(n,a) tend to overestimate detector responses. It

was also pointed out that more accurate data for the 93Nb(n,n') cross
section data are required."

i
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1.3.3 UA!LWLLL SAPPHIRLpfAAjilliONITOR _M[ASt)RfMf NTS
G. P. Pells, A. J. Judge and M. J. Murphy (AERE, Harwell, UK)
and S. Watt (Rolls-Royce and Associates, Ltd., UK)

2.3.3.1 1pt rodzlipn

! Detailed information on the use and results of Sapphire Damage Monitor (SDM)
measurements is provided in Section 2.6, Ref. Mc87c. The result s of the SDM
measurements for t he 18-day "St artup Experiment" and the "SSC-1 and SSC-2 j

Experiments" presented in Sections 5.2 and 6.] are discussed and compared with i
'

other test reactor results in figures 2.6.6 and 2.6.8 of Ref. Mc87c. '

The conclusions of the Ref. Mc87c, Section 2.6, study are:

" The optical absorption at 400 nm of aluminum vacancy centres produced by
neutron irradiation 'in high-purity, single crystal alpha Aly0 (sapphire)
has been shown to increase in a reproducibic manner with damage dose for
irradiattons~at temperatures between 200 3100C in a variety of neutron
spectra. Ihe constancy of this behavfor has been used to validate the
nrocedurcs used to calculate the neutron energy spectrum and damage dose
in 'rradiated LWR pressure vessel steels.

The thsrmal stability of the aluminum vacancy centre in sapphire and the
fact that sapphire responds to the entire neutron spectrum in a manner
similar to that of steels makes it superior to conventional, high threshold
energy, acttvation monitors in irradiation 10 cations for which a detailed,

neutron energy spectrum is not available."

|
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3.0 INTERCOMPAklSONS_QF RADIOMETRIC NJyJRON DO.WTRY SUMMARY
Raymord 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 LWR power plant
environments than were heretofore available. Moreover,'because of the unique
character of the PSF metallurgical tests (Mc86b), many laboratories around
the world participated. Hence, these PSF startup experiments afforded an
ideal opportunity for intercomparisons of RM dosimetry.

Ihree PSF startup experiments were used for these RM intercomparisons:

The PSF Surveillance Capsule Perturbation Experiment [also known(RM-1) --

as the simulated Dosimetry Heasurement facility Experiment 2
(SDMf2)] (Ba844,To82).

(RM-II) The first PSF metallurgical simulated surveillance capsule--

(550-1) experiment (Mc84b).

(RM-Ill) -- The PSF 18 day high-power irradiation (SDMf1) (fa80a),

including the RM 1, RM-Il and RM-Ill 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 the study of the reported radiometric measurements for the RM 1, RM-
11 and RM-Ill 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 the 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 critical 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
appropriate ASTM Standard Methods, Guides, and Practices; maintain
system calibration and/or control documentation, and continue in
this or similar programs using existing benchmark facilities for
verifications and direct correlations.

4) .. Systematic-problems-can exist with Cu and Nb dosimeters. As
previously reported (AsB7), Co impurity in the Cu sensors can
seriously comprise results. As stressed in earlier dosimetry work
with Nb (1080), more accurate cross-section data are needed for the
93Nb(n.n') reaction.

3.0-1
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5) There is a clear and significant difference in accuracy between
fissile and non fissile RM dosimeters. The higher uncertainties of
fissile relative to non-fissile RM dosimeters (by about a factor of
two) are just barely acceptable given the goal accuracies of LWR-
PVS work.

As stated by Fabry (Fa82), complementary objectives of the RM dosimeter inter-
calibration studies were to:

-- Link PST to1 HSST fluence dosimetry to PCA physics venchmarking"

metrology.

-- Provide an international neutron metrology and analysis opportunity,
including the validation of UK, French, and Belgium damage monitors and
of dosimetry cross section data for crucial but less well known long-
half Ilfe radiometric monitors;

93Nb(n,n') versus 237Np(n,f) and 103 Rh(n,n')

63Cu(n,a) versus 27A1(n,a).

In this regard, it is noted that radiometric measurements were not made by
any U.S. participants on the 93Nb(n,n') reaction; only the European participants
made such measurements.
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3.1 INTRODUCTION

Raymond Gold, L. S. Kellogg, and W. N. McElroy (Hf DL)

In light water reactor (LWR) pressure vessel surveillance (PVS) work, it is
currently accepted that the accuracy goal for reported neutron exposure
parameters [ flux and fluence (E < 0.1 and 1.0 MeV) and dpa] is the 5% to
15% (la) 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 tne same accuracy range or better, it has been
shown that this level of accuracy can be obtained, but only through careful
standardization, which includes interlaboratory program work using benchmark
(verification) facilities and extensive interlaboratory comparisons (fa77,
Gr78,Gr78a,G178,Mc81a). Through these interlaboratory activities, systematic
biases 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 is virtually universal. RM neutron dosimetry has
been used since the inception of LWR-PVS programs, and a number of ASTM
standards on this subject have existed for sometime. While two more recent
passive neutron dosimetry methods have been proposed and possess unique
advantages for LWR-PVS work [namely, solid state track recorder (SSTR) 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,As83a].
Equally 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 dosimetry 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
HM dosimetry results_from many laooratories, 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 (Mc86b), 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-I)-- The' PSF Surveillance Capsule Perturbation Experiment [also
known as the Simulated Dosimetry Measurement Facility
Experiment 1 (SDMF2)] (Ba84a.To82).

(RM-II) - The first PSF metallurgical simulated surveillance capsule
(SSC-1). experiment (Mc84b).

(RM-III) -- The PSF 18-day high-power irradiatii a (SDMF1)(Fa80a). .

3.1 - 1
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Table 3.1 identifies laboratories that participated in each of these three
(RM-1, RM-Il and RM-Ill) PSF experiments.

RM dosimetry aspects of these thrce PSF irradiations are described in Section
3.2. Interlaboratory comparisons are provided in Section 3.3. Conclusions
drawn from these intercomparisons are then presented in Section 3.4. Section
3.5 provides information related to NBS radiometric counting and fluence
standards. These standards were prepared and made available to assist in the
calibratior and verification of the accuracy of the participating laboratories'
reported radion.etric and fluence exposure parameter results.

TABLE 3.1

LABORATORIES PARTICIPATING IN PSF STARTUP EXPERIMENTS

PSF Experiment Participating Laboratories *
RE~I 5DMF-2 iRW , BM I , C E , GE , FIEl)L , Swk I , W

RM-Il SSC-1 B&W, BMI, CE, GE, HEDL, SwRI, W

RM-Ill SDMF-1 AEEW, AERE, CEN/SCK, ECN, HEDL, PTB

*AEEW = Atomic Energy Establishment Winfrith (UK)
AERE = Atomic Enger Research Establishment Harwell (UK)
B&W = Babcock and Wilcox (US)
BMI = Battelle Memorial Institute (US)
CEN/SCK = Centre d' Etude de'l Energie Nucleaire/Studiecentrum

voor Kernenergie (Belg)
CE = Combustion Engineering (US)
ECN = Netnerlands Energy Research Foundation, Petten (Neth)
GE = General Electric (US)
HEDL = Hanford Engineering Development Laboratory (US)
PTB = Physikalisch-Technische Bundesanstalt, Braunschweig (FRG1
Swi.] = Southwest Research Institute (US)
W = Westinghouse (US)

3.1-2 )
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3.2 DESCRIPi10N OF RM NEUTRON DOSIMETRY IN PSF EXPERIMENTS

The PSF startup experiments used for benchmark testing of RM dosimetry in |
LWR-PVS environments were described at the fourth ASTM-EURATOM Symposium on
Reactor Dosimetry, where interlaboratury comparisons of RM results were
initially presented (KeB2,ToB2a). PSF irradiations RM-1, RM-II, and RH<ll!
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 R_M-1 -- PSF Surveillance Capsule Perturbation Experiment (SDMF2)

The.RM-1 experiment was included as an integral part of the PSF Surveillance |

Capsule Perturbation Experiment (Ba84a,To82). RM dosimeter sets fabricated
at HEDL 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
gadolinium shield were also used in the first irradiation.

RM dosimeters were placed in the Thermal Shield Back (TSB) and the Pressure
Vessel 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 each capsule. Those dosimetry capsules labeled HF and HNF contain

i the interlaboratory comparison samples. The HF capsules contain bare or Gd
| covered fissionable and Co/Al 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 -- SCC-~l Q,:triment

T % RM-II experiment was included in the first metallurgical simulated sur-
vei ir.t.n c'psule (SSC-1) experiment (Mc84b). Figure 3.5 reveals that the
4/12- configuration was used in the SSC-1 experiment. The location of RM
dosimeters within the experiment is shown in Figure 3.6. The HF comparison
samples were placed in Hole B-Block 38 n d the HNF samples in Hole D-Block
31.

After both the RM-1 and RM-11 irradiations, the assemblies were dismantled
at ORNL and the -individual dosimeter capsules shipped- to- HEOL. The capsules
were opened and the individual dosimeters were identified.by unloading
sequence and dosimeter weight or ID designation. All RM dosimeters were
counted at HEDL to determine relative normalization factors between a given
RM dosimeter and the corresponding HEDL RM dosimeter. These individual
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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FIGURE 3.1. HEDL Surveillance Capsule - Non-Fissionable Materials
(1 Set HEDL/ Vendor / Service Laboratory Counting).
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FIGURE 3.2. HEDL Surveillance Capsule - Fissionable Materials
(1 Set HEOL/ Vendor / Service Laboratory Counting).
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lhese normalization factors were determined '.o an accuracy of better than
1.5% by counting at HLDL.

In addition to the dosimeter sets, laboratory participants were provided all
basic information concerning the dosinetry meterials, as well as the irrad-
iation information provided by ORill to allow calculations of both absolute
specific activities and reaction rates. These data included the individual
dosimetry "as-built" sheets (describing materials, form, and encapsulation),
dosimeter (0A) information (Table 3.2) and the individual location and time
history information (Table 3.3).

3. 2. 3 pM - 1 it - - T h e 18 D arjli gh - Powe rJpp r i minMSpif - lj

for the RM-Ill experiment, different sources of RM materials were employed.
Af RE and Rolls-Royce and Associates (RR&A, Derby, UK) supplied ORill with
stainless steel capsules containing fe, Cu, li, fli, lib, and Co/Al detectors
together with some prototype sapphire damage dosimeters. SCK/ Celi Mol supplied
ORfil with interlaboratory steel and gadolinium capsules and with different
sets of foils. The final mounting of the SCK/(Ell capsules was done at ORf4L,
[ach capsule contained 6 Ag/A1, 6 Co/Al, 6 I4b, 6 fe, 6 Ti, 6 fli, and 2 Cu
foils. ihe gadolinium capsules were filled by ORiil with fission detectors
supplied by HfDL.

1hese AERI/RR&A and SCK/ Cell capsules were located in the PSF 4/12 configura-
tion according to the specifications given in Table 3.4. Table 3.4 considers
only those RM capsules that were used for the interlaboratory comparisons by
the European laboratories and HEDL.

Table 3.5 provides detailed irradiation histories for each RM capsule.
Because of inading and unloading procedures, the irradiation interval was
somewhat different for RM capsules at these different locations.

After irradiation, the interlaboratory capsules were dismantled at ORtil.
Part of the interlaboratory capsule contents was sent directly to SCK/CEN
Moi, the remaining part being sent to HEDL. SCK/Clli counted all the detectors
sent to them and then provided both ECil-Petten and PTB Braunschweig indivi-
dual detector sets from each irradiation location.

The AERE/RR&A capsules were dismantled by AERE-Harwell, and RM dosimeters
from these capsules were counted at both AERE-Harwell and AEE-Winfrith.

Af ter counting, the Cu foils from the interlaboratory capsules were sent by
SCK/CEtt to all the European participants in a round robin.

3.2-6
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/ABLE 3.2

DOSIMETRY FOIL QA DATA

Tar 9a
Eteent[ta. 6 Isoteetc Wt.1 (a ,b)Desimeter Form e Batch

(=t.1) _Q 234 235 235 237 239 23?
235 UI III III 0.053(2)0 18.6 mit Ua Wire 8.68 26aC 87.97 <c .035 0.034 99.?9 0.C252238 IU IIIg yy,$ ,,) yg Wire 9.62 ES-Z 87.75 <0.001 <0.001 0.0012 <0.001 99.9??
23# II)mp 19.7 mil ap0 Vire 4.92 P'-24 87.4 <0.0005 <0.0005 99.99 <0.003 <0.0032

The above foils are encapsulated in 0.035' 00 vanaffum capsules (40 pre Ta tepurity) wall th'chaess 4.004*.

2350 - 0.190*. 23 4 M*. E37mp - 0.340*.Capsule lengths are:

W Des teeg Tecm Estch_ !sote0?c Ta-e=t E1*wat end Twf ty Cmtent (Vt.11,

N, 21 Fe Cu it Co Al A.e Cr mg 31 wn

mi * 20 mit vire 5.E. Matoes? Estance <0.0003 <0.001 <0.0001 <0.00C2 <3.00C3
(0.51 ev=)

s

Fe(c' 20 elf Wire 2 D.0041 EeTe m <0.00$P 9.0018*

Cu '* $ 20 mit Wire CPO 3054 99.999 <0.0003 0.0002 0.0001 0.0001
I *

T1 'I 20 etl wire 139 W O 008 0 n01 97.917 0.0001 0.003 051 C.005 0.C2
I *

ICo/A1 *I 20 etl Wtre 52w 953 0.115* m l.~cea

(a7 Elemental. 1sotoote and/oe 1 m erity oneiysis provteer ty venco . Ass n e cerces. 1.e. (?) <ee eseets vo'w* e-ree k the int sigetf tcente

ffgures,

f.c)04
9 aise perforced at NEDL. v alue; supplice by CeML were C1Pett*mied witMn tbt crece ass 9F ts.

f epurity analys ts perfereed at aEOL utt11rieg activat'ce ee'ysis. Aasiysts was act esce fee twity procs:ts with t 1/2 << w.
(d)Co analysis was esce at "f1 by spark sov te easi spacNetry.e

|
.

I

i
i

__ _ _ - - -



.. .;.____..... . -

T A h l F 1 ''

IH'h i f T iff. H !' T!? ! I'' ,r;,p-r*;, j
te
t'
7
1

JJef W .ttet infors t ron
; tx ; 2 - , . , . . :n: a - ,4

(Tertwr!.4 t tr,n f sper irrat) !".'f. ' r,;,,t.**tj-

5t ert of Ir r a.1f *t fon 15 M E ST I/3i/80 Jazerud * :- e te d e- m b-_

f red of ta rarflat ton 1530 U.T 2/9/80 A; r i! E 197. ! 3; M day 8, 1930 7:30

*ay S. 1950 it:0 "4y 14 9M 13 33

total nuratIon 9. w,, days
8* u 15. 19'A 9:57 . 7' . lim 2:17*

30 trd May 22. 19'4 1C.49 1930 24:00Neneinal Peactor Power
Md II. ISM 3:20 '' II* % IU3

Irradiation can 1,e treated as a square wa ve functica.
(A11 ti-es Easter *i ~ aft';*t If ,*)

*a3; le Iocations_ Nomical Peactor 7:er 3 'J- s,

se- 'e to:st?casI coordinate: 158 - 101.6. ra louth of Core CLu

rg pys .101.6 rm No of Core CL g c xrg u,.y p3r 39 49,9 m se a of C:re (
CD m3r 37: 47.2 :-r' Nort' of CO-e Ct

f coordinate: Feferenced to CPI Cort Al winh*: (tedivihal desi eter locatices
vary fr:n tais rf d ;;*** f ocatica)

T58 - 112.7 rue
Fa e-er.:ed to 037 A1 wiedewrY coorsteste:PV5 - 207.3 ns
H5F 393 133.0 ra

I1"di''d' *l I25I'#'?"5 "d! * * 'I-

Z coordinate: Approstr. ate location referenced between ty 2 1.1 1. )

Re ference Core Cdmastmwn Dux) rather than actual Core h54F 370 139.9 rm
C and approxfrate location of mid-potnt of each replicata
t -4 4v nus)

refe enced to Re ference Co-e C(e(id po9et ofsamle group. Actual sarple position depends on serple I coordf rate:
re:5er t"- actual Cer. C s e.

location within set and adjustsents =111 be wade later if e ach capsa +e. Actual posiktoa ef tadie td.a1
H5F sa m les -ay very by : 1.1 na

requf red.
MSF 388 7.9 nn

| es=F 37c 67.5 =
| Cadot tntwo Cove ed Capsules: HF-1. Hf-2 MF.3. HF-4

HMT-1. HMF-Z

Eare capsules: HF-5. HF-6. HMF-3 MtJ-4

__ _ _.



. .._.s . . . . . . . . - _ . _ = . . . - _ _ _ . ~ . - _ . . . . - _ . _.._m_ _ . . . _ - _ . . , . _ . . . m__...- .._ . - - _.. _

|

TABLE 3.4

LOCATION '0F RM CAPSULES IN IRRADIATION RM-III

1

IREADIATION LOCATION SAMPLE AXIAL HEIGHT ABOVE HIDPLANE (mm)
. )

|

SSC- INTERLABORATORY CAPSULE - 31 !
'

-AERE/RR & A CAPSULE ).5-

1/47 INTERLABORATORY CAPSULE - 75
.AERE/RR & A CAPSULE 122

FISSION DETECTORS 0

1/2 T INTEHLABORATORY CAPSULE - 75

AERE/NR & A CAPSULE -122

3/4 .T INTERLABOR ATORY LAPSULE - 75

AERE/RR A A CAPSULE -122

TABLE 3.5

|: IRRA01ATION HISTORIES FOR THE 18-DAY HIGH-POWER-RUN (RM-?II)
|-

BEGIN EXPOSURE- END EXPOSURE TOTAL IRRADIATION EFIECTIVE 1RRADIATION"
(LOCAL TIME) (LOCAL TIML- TIME (s) TIME AT 30 MW (n)-

:ssc ocT.27.1979 L1 h26 NOV.14.1979 8h55 1 5377.106 64 3,3303 jo

6 6-1/4 T OCT.27.1979 14h26 NOV.14.1979 6h4) 1 5370 10 1 5097 10

0 '1/2 T OCT.27.1979 21h11 NOV.14.1979 8h55 1 3134 10 1.4902 106

6 63/4 T OCT.27.1979' 21h18 NOV.14.1979 '8h55 1 5130 10 1.4898 10

3.2-9
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c3.3- INTERL_ABORATORY COMPARISONS OF RM 00SIMETRY
!

3.3.1 Comparison of RM Results f rom Irradiations RM-1 and RM-Il

In the RM 1 and RM-!! 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 gansna spgtra. A few
gCo]usingNal(Tl) detectors.the participants also analyzed low-activity reactors [e.g., Cu(n, a)

All non-fissile dosimeters were analyzed
-nondestructively, but some of the participating laboratories destructively
analyzed the fissionable dosimeters in accordance with their routine surveil-
bace of the participants due to the much higher activities of some of the '

Jters than the routine surveillance sample activities normally
w ? red.

ial review of the individual preliminary results from RM-1 and RM-II
iucted.- Outlying values were anticipated, but consistent discrepan-
large as 60% were observed. Individual discussions were held with

-

.coratory participant concerning these data and the possible discre-.

.s that existed. Analytical and calibration techniques, nuclear param-
.ces being used, and corrections applied to the observed 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
identified, and their effects on the reported RM data, are shown in Table
3.6.

Final reported specific: activities for the RM-1 irradiation calculated to
end-of irradiation (E01) are-listed in Tables 3.7 and 3.8 (not all partici-
pants reported all-' reaction rates). To determine the range.of values that
might be expected from.the laboratories performing the analysis, the parti-
cipants' data were first scaled-by the individual HEDL normalization factor.-

The avarage 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 whether a particular laboratory appears to be consistently ,

biased. It would appear that Laboratory B is generally biased low by 4%
to 10% for non-fissile RM dosimeters. However, Laboratory C appears to be
generally biased high by s4% to 7% for non-fissile RM dosimeters, and at
the same time Laboratory C appears to be generally biased low by 4% to 10%
for fissile RM dosimeters. By reading across this table, one can observe

:whether an apparent bias exists. in the analysis of a partkular dosimeter
-geaction. It appears that the HEDL analysis of both the DyCu(n.a) and

OTi(n.p)-reactions. appear biased low by $2% relative to the other
participants.

.

3.3-1
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TABLE 3.6
j

IDENTIFIED PROBLEMS AND ESTlMATED EFFECT

Problem Effect on Data

1. Faulty calibration standards 10% to 100% depending on energy
region

2. Faulty nuclear parameter data 0% to 2%, depending on specific
results

3. No correction for external or 0% to 4% depending upon reaction and
self shielding analysis technique

4. Error in conversion of specific 0% on specific activity up to 4% on
activity to reaction rate specific reaction rates

5. Coincidence loss corrections for Estimated at up to 6%
high count rate samples not
applied

The RM results from participant laboratories from irradiation RM-II are given
ir Tables 3.11 and 3.12. Unfortunately, only three of the six participating
laboratories reported results. Two separate sets of results are reported by
Laboratory C from measurements performed by two different individuals in
Laboratory C. Since a difference was observed, both sets of results were
reported and are treated separately in the comparisons. It was anticipated
that the RM-Il test would show improved correlations; and indeed the
deviations relative to HEOL (Table 3.13) indicata better agreement. All
comparisons with two of the three reporting participants fall within s 4%.
Laboratory C still appears to be biased, though this time a low bias is
indicated for the non-fissile RM dosimeters, while the RM-1 irradiation
indicates a high bias.

3.3.2 Comparison of RM Results from Irradiation RM-III

RM dosimetry results (Fa80a) for irradiation RM-III (specific activities at
the end of irradiation) from the participating laboratories are shown in
Table 3.14. All these RM results have been normalized to the CEN/SCK RM
data, in addition, all RM results were corrected for the axial f ast neutron
intensity gradient.

An empirical correction for this axial gradient was determined using an axial
array of Ni RM dosimeters at each of the RM-Ill irradiation positions, namely
the SSC, 1/4 T, 1/2 T, and 3/4 T locations of the 4/12 configuration in the PSF.

3.3-2

._ ._ - _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ . _ _ _ -



- . . . _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ .

TABLE 3.7

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA
FROM IRRADIATION RM-1

[Non-Fission Foil Sets (DPS/mg @ E01)](a)

Dent *eter Set W1 H*F-3 HFh-7 MF - 4
Aesct1on Laboratory TFIT IDTl TUTT T FIT
SEnt(n,p) A 4.60 4.491 4.26 4.170 8.17 7.984 7.73 7.400

8 4.18 4.497 3.90 4.164 7.30 7.566 6.78 7.470

C 4.33 4.510 4.04 4.192 7.98 7.968 7.43 7.493

0 4.58 4.486 4.22 4.163 7.97 8,045 1.50 7.465

(I I 4.44 4.512 4.05 4.158 7.79 8.016 7 . 32 7.472
F 4 .4 30 4.510 4.187 4.177 8.243 8.027 7.728 7.438 --

(t*3) (f*3) ( t + 3) (t+3)

A 5.72 5.59 "I 5.43 5.3?! 1.22 1.154 1.17 1.119"'11(n p)
8 S.00 5.59 4.65 5.40 1.07 1.157 1.11 1.125
C 5.75 5.55 5.55 5 . 30 1.24 1.159 1.21 1.122

0 5.68 5.60 5.49 5.37 1.23 1.163 1.17 1.119
(("I 5.56 5.60 5.23 5 .34 3 1.16 1.170 1.11 1.107
F 5.677 5.517 5.427 5.33 1.206 1.141 1.175 1.130

(t+1) (t*1) (t+1) (t+1)

63
Cuf n.e ) A 8.19 8.048 7.89 7.688 1.90 1.8a0 1,91 1.8?5

8 7.98 8,166 7.63 7.509 1.88 1.854 1.82 1.787

C 8.56 8.031 8.11 7.870 2.02 1.e64 1.90 1.784

0 8.06 8.069 7.87 7.730 1.92 1.854 1.62 1.814
II

I 7.82 8.002 1,58 7.714 1.64 1.851 1.78 1.819
F 8.444 7.815 7.946 7,789 1.994 1.686 1.935 1.811

(f*1) (t+3) (t+3) (f*3)

54pe(n.9) 4 6.86 6.659 6.67 6.633 1.26 1.233 1.23 1.155
5 6.27 6.692 5.93 6.608 1.15 1.245 1.08 1.168
C 6.89 6.758 6.58 6.573 1.27 1.244 1.25 1.194

0 4.79 6.646 6.45 6.600 1.25 1.234 1.20 1.182
L 'I 6.70 6.614 6.40 6.622 1.21 1.260 1.14 1.172

I

F 6.650 6.628 6.289 6.560 1.242 1.239 1.160 1.183

(f*3) (E+4) (t+3) ( t *4 )

I'F t ( n.5 ) A 6.45 6.352 6.71 6.688 4.32 8.746 2.29 2.244
8 6.530 6.630 9.067 2.241
C 6.569 6.627 9.144 2.240
0 9.517 6.4 54 8.950 2.244
(I"I 6.62 6.542 6.62 6.674 8.78 9.089 2.32 2.247 9

F 6.610 6.540 8.948 2.249

O)The first colum under each headtag are those data reported by the participants, with any subsequent correc-
tions made by NfDL. The second colum of dat is the corresponding hiDL analys ts. Results are to esponent in

(4)oarenthes ts [e.g., 4.60 (t*5) reads 4.60 a 10gJ.
The partic teaat reported the spectf tc activity as pee og target tietope. For concer tson with the other
reported valves, the reported evneers were mIttelled by the atos fraction used by the participant.

I4)0nly two absolute covats =vre made on these sets. 411 of the samples in these sets were counted oc a
non-caltbested system for determination of the relat t,e ratios. Corrs'ations were made between those seaples
counted on both systems and 60 solute ealves were than calculated f or the ca.usthing samlet in the sets.

|

3.3-3
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TABLE 3.8

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA
FROM IRRADIATION RM-!

[ Fission Foil Sets (DPS/mg 0 E01)]

73%Atl 161 .

ms ,s. Ie .a 80% 4 13'Cs 55c.(..or
$s t tasona toav fliiL _ U.!5L_ f f 'H- ff*11 fr ah -

W3 A 25.2 25.20 51.3 48.13 64 0 63.52 34.0 33.06
8 (b) 25.82 41.11- 64.5 M.4 32.3 32.81
C (W 24.58 40.9 41.06 53.4 61.13 31.6 1NS 35.04
0 (c) 24.4 25.51 46.1 44.44 U.0 65.81 35.5 31.5 31.26

-t 23.2 24.85 48.1 41. (.8 60.6 62.31 35.4' 35.1 33.29
F 24.94 41.95 62.92 30.6 30.93

W.5 A %) 329.8 651 E01.3 458 412.0 112 111.1
8 tu 326.5 568.1 6(4 1&?.4 161 113.9
C (b) 3 50.9 640 ih2.6 815 800.6 410 1H 11 3.0
0 (c) 294 124.5 528 580.2 1 88 110.6 535 154 169.1
E 321 335.3 605 595.8 181 810.8 af.2 165 161.1
F 321.2 586.1 181,9 112 112.9

W -4 A 3.38 3.*09 6.12 6.505 4.41 4.69% 4.08 3.981
8 (b) 3.555 6.M3 8.50 9.101 3.90 3.113
C (b) 3.4 11 6.15 6.521 4.02 1.051 4.57 4.35 4.011

- 8 (c) 3.32- 3.586 6.41 6.641 1.25 1.259 4.69 4.04 3.918
E 3.31 3.541 6.11 6.%2 8.39 S.155 4.81 3.98 3.811
F 3.610 6.666 1.322 4.110 4.0M

W-6 A 123. 176.1 224 214.3 304 M4.1 52.9 51.89
8 (b) 121.1 202.9 261 214.9 48.4 53.15
C (b) -121.9 204.0 250 211.4 1% 58.0 54.33
9 (c) 106 124.4 193 210.2 290 285.6 152 51.2 55.15
( 111 121.1 215 212.9 218 295.3 10 52.8 53.06
F 130.3 214.1 2%.8 58.8 51.45

ISInets.s1
fr.s) f r .11_, fr.t) cr.7) j

W.! A 11.2 11.08 44.5 43.18 ~21.3 21.21 '

8 (b) 11.83 44. 12 30.1 21.16
C (b) 11.C 39.6 41.10 24.8 21.26 16.1
3 11.0 11.15 41.8 43.11 21.8 21.66 18.6
t J0.3 11.61 43.2 43.60 26.1 21.30 11.6

i - F 10.5 11.12 31.1 41.38 25.6 25.98 18.5
|- W-2 A 1.35 1.301 5.24 5.0 13 3.23 3.10
| 5 (b) 1.315 5.032 3.U 3.2 56

C (b) 3.*J6 4.19 5.10 3.16 3.318 2.16t

l 9 1.31 1.322 5.12 4.915 3.52 3.185 2.00
t 1.20 1.382 4.99 5.159 3.12 3.210 2.13
F 1.21 1.310 4.92 5.040 3.14 3.220 2.21

| 233m _ n
(F+41 ffen) ff.41 ff*11

W.! A 11.4 16.90 7.06 6.693 35,5 34.98

5 (b) 16.98 4.823 35.9 34.99
C (b) 11. 0 6.11 7.011 34.4 36.52 24.8
9 16.8 - 16.46 6.46 6.581 36.3 33.44 23.6
E 16.0 ' 16.95 6.19 6.159 34.2 35.10 25.8
F 11.1 11.16 - 6.51 6.865 . 34.1 35.H 25.4

, W.2 A 2.11 2.122 1.11 1.010 0.512 0.5812
l 3 (b) 2.140 1.056 0.5% 0.5100

C (M 2.695 0.1 12 1.0 53 0.558 0.58c2 3.14
3 2.65 2.192 1.08 1.051 0.616 0.5841 4.15
E 2.41 2.U1 1.01 1.036 0.530 0. % 16 3.81

|- F 2,14 2.111 1.04 1.059 0.555 0.5150 4.02

I

| (a) T4 avent to6wa v=oea saca menasse ass vms: Data arroerse se ins raanicia.. mira aar macasuae
comesevisas. vas saceae totww is sat cosassroasses EDL saia Ins gaavs se pass = (I+5) s s Tassponset een int aava rouemens et ( (E*5) 25.2 saoma esao 25.210 3.

(b) Co..scesec . .e use , nung.,at amo e sovoesc cowosesion.

(C)(censtiles MO4 FoA C4 aLLov Comfgat

3.7-4;
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TABLE 3.9

RANGE EVALUATION (MMlMA/ MINIMA) 0F RESULTS FROM IRRADIATION RM-1

sm u.1 u,oe , m. m e .3DL% bE't L 'iT3 I. f8.tEff 'I*l] tiTTft siTTTT",I, Tis 17j r.fifT 17ti 7' ^.i1;TtfT 7 , t?fD7TTQ ');W7 tm
W .I t .14 f /I 1.F6 8/9 I O f 4/C 4 1. 19 ( /9 1.14 C't 1 Ad C.'t 4 1.11 9/1 119 I/L I il C/t 1,10 4/l 1,01 4/t 4
*se . 5 IJ8 t/0 199 A/g 1.M A/C 4 1.et t/4 1.pn C/3 1.9 7 (/t a t M (/t 1 As (/f I l' t/c 1. !? 4/5 1.04 8/f 4
WI l.81 (/0 1.13 t/l I .08 f it i 1.41 ( f t 1.14 s ig 1.4 7 4/t 4 104 (/f 1.09 (/t 1 e4 (/l 1.11 A rt 4.6 7 A/t i
"* * 4 1.79 t/0 1. 's f /s I cs t/t 6 1.el C/l 109 (/t 1.ca C/t 4 1.00 (/ 1.(9 f /t 4 1.41 C/l 1.1% A/t 109 Ut S

Sat ,

bM 'E*7(e t ea m th erau.
EMN*8 hl% DT.]i"iE N.1V.UDi

NI8'If . I 1.11 (/a 1 f) t/4 1.Os t/4 I W.) 1,6 (/t 1,0s t/s u aA/t 4
'8W . 3 t Of C et i et A/t 1.0? A/t I W.I l.11 tre 1. H C 't 1,04 t/t 4
nw . I 1.33 gig 1.04 f /4 1 Os t/4 ) ist . a 1,ng F/g ) 13 (pg t Ag (if 4 '

"W . 4 f.it C/t 1.01 A/t 1,01 Ut 3 W.I l.Fl 6/g i 17 fil 1.07 t/t 4

Pibe# %,
ItB OML{1&i~L * liv,(e

1e , f li li .t 71% . ,p#. ti,m t _gprIAI vini r igr,1 huti g3 rp,, vq 3.tifr giNJ 165_'
W.3 I O f att . . . . 3 1..g (fg 1.4 % Ut 1094/9 4 1.09 t/C 1. l f 4 *C 184 4'r l 1,11 (/C -. tW'5 3 P9 A/9 - 1 1.13 C/8 1,19 4/t 1,04 e/t 4 1.11 C/4 t.it (It 1,09 H l t.no t/3 1.

W=4 1 e t s/D - 3 1.30 C/D 1.M t/t 4 1,13 t/C 1.ie 0 % I.09 0/t S I et tic . 3W*4 1.13 US . . 3 1,41 t/9 1. it &/t 4 1.nl C/t 1,14 A/C Le t 4/t 5 1.0) t /8 .. I

!b.t L L J 1 UN M.'i.L ' 1L L*li yfg 1 - (Q1 @j g,gg,,,( , gL - (gg
*.I l.14 4/' 1.94 t/9 4 1.1t (/r 1.11 A/C 1.84 4/$ 5 1.s4 4/t 1.Il 4/C 1. 04 Ut 4 . 1.1g r/( ) .pg gf( 4W*3 1.19 All ** 1.04 4/f 4 1.87 C/8 1.13 A/( 1.04 A/t 5 1.14 9/C .. 4 1,12 t/l 1.63 t/l 4.

1.2 L*I3 bt '* 1 1 111. 113 I'l '' I ' ' 3 kU8 L Ed$ [illi L 1 * l!M
WI 1 Of 4/t = 1.04 4/F d 144 C/F 1.)] S/F 1,04 t/F S t,14 t/s 1.16 Bit 1.0 4 4/t 4 1.04 t/C .. 4.
*3 4.H 4/t a~ . . . 4 1 tf C/f 1,14 A/C 1.64 A/t 6 1.13 0./t 4.00 t/C .. E Isot 9/C ... 4

(a) Four vendors and two service 1sboratories participated in this test. All laboratories
rtmain anonymous for these intercomparisens and are identified only es laboratories A, B,C, D, E and F. The table evaluation shows the present laboratory-to-laboratory compara.
tive status but also shows the improvement in the data coeparisons (Ratios 2 and 3} as a
result of interim evaluations and ciscussions with participants. Ratio I represents the
initial review of RM results. Ratic 2 was obtained after discussions with porticipants
and subsequent reworking of data by participants. For Ratio 3, and fCr the Case of non-
fissile sensors, the results f rom Laboratory B appeared to be consistent?y biased low and
were, therefore, not used. In the case of the fissile senscrs, if a narticipant appeared
to be definitely biased, those results were not used in Ratio ?

(b) HNF-X and HF-X are sensor set identification numbers for specific perturbed locations in
1-in.xl-in.stginlesssteelsimulatedsurveillancecapstlesfor this first ~'SF 4CNF tes t .(c) Results for the BFe(n,y) reaction were not reported by one labwatery af ter prelimi-
nary recalibration of the"r counting system,t

f

3.3-5
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TABLE 3.10'
.

t -

.

DEVIATIONS OF RM RESULTS FROM IRRADIATION RM-I *
%

tA8004 TORY- U B0RATORY

tet 10 Reaction' A 8 C 0 E F Set ID 4eaction A B C D E F

'2D (n.f)140Ba 0.00 - 4.35 - 6.68HNF-1 Nf(n.p) -2.38 - 7.05' -3.99 2.10 -1.60 -1.77 HF-3 u

-3' 2.16 - 6.34 -3.63 1,37 -2 60 0.24 HF-5 9.46 - 9.40 - 4.26
,-2- 2.33 - 8.59 0.15 -0.93 -1 12 2.69 . HF-4 9.39 - 7.42 - 5.36 -

,

-4 3.34 - 9.24 -0.84 0.47 -2.03 3.90 HF-6 -2.92 -14.79 -13.08

235 (n.f)103
S

I HNF-1 Ti(n.p) 2.33 ,-10.6 3.60 1.43 -0.71 2.16 HF-3 e ae 5.27 -13.09 - 3.18 0.88

| -3 - 1.10 -13.9 4.72 2.23 -2.11 1.82 HF-5 8.27 6.21 - 9.00 1.54

-2 5.72 -7.52 6.98 5.76 -0.85 5.26 nF-4 3.31. - 5.59 - 2.57 3.17 j
. -4 4.56 -1.33 7.84 4.56 D.27 3.98 HF 6 6.39 - 6.37 - 8.18 0.99 {

$ (n.f) 2r 0.76 - 0.00 -13.49 4.99 - 2.84HMF-1 Cu(n,.}- 1.76 -3.38' 8.59 -1.12 -2.27 8.05 HF-3 d
'

-3 2.63 1.61 3.05 1.81 -2.00 2.01 HF-5 5.67 -14.40 9.29 '2.26 - 3.3%

w -2 1.06 1.40 8.37 -3.00 0.59 5.73 HF-4 -2.40 - 6.49 -11.47 - 0.10 - 8.36 ;
*

-4 4.66 '1.85 6.50 2.00 2.14 6.85 HF-6 3.16 - 1.78 - 6.99 1.54 - 5.22 ~

ch HMF-1 Fe(n.p) 3.02 -6.31 1.95 -3.73 0.39 -5.37 HF-1 237,,g,f) MBa 1.27- - 6.38 -11.28 ~5.58 '54
,

I -3- 0.56 -10.26 0.11 -2.27 -3.35 -4.13 NF-2 3.29 - 0.91 +13.29 -3.05s

| -2 2.19 -7.63' 1.76 1.30 -3.96 0.28 HF-1 237,,g,,f)M3Av 3.06, -31.26 - 4.37 - 0.12 -4.06 |

-4 6.49 -7.53 4.69 1.52 0.68 -1.94 HF-2 4.11 - 6.94 2.91 - 3.28 . -2.38 [

| HNF-1 Fe(n,y) 1.54 1.19 HF-1 Mp{n.f)'I2r -0.22 10.59 - 9.06 4.12 - 4.40 ' -1.46 ,

*
-3 3.29 0.81 'HF-2 1.99 5.38 - 4.76 10.83 - 2.80 -1.24

230 (n.f)140Ba 2.96 - 2.19 - 5.60 -0.35' i!-2 -4.87 .-2.97 HF-1 U

-4 1.96 3.25 HF-2 0.65 - 0.40 . - 7.05 -1.33 i

2389g,,f)103Rv 5.48 - 4.29 - 1.93 0.46 -5.17 |HMF-3 'Co(n.v) 2.84 -1.55 7.45 1.09 1.83 -1.07 HF-1
'

-5 0.06 -7.42 6.36 -1.00 -1.61 -0.52 HF-2 3.74 1.65 2.08 - 2.51 -1.79

-4 2.28 ' -1.84 7.74 1.56 2.82 1.28 HF-1 ~'U(n.f)'$ r 1.72 2.60 - 5.81 8.55 - 2.56 1.37 t

'

2

-6 1.95 -9.21 6.76 3.72 -0.49 2.35 HF-2 -1.58 4.41 - 3.83 5.35 - 6.52 -3.48

t
f

.t
r

!

*The deviation cited is (X/HEDL-1) given in percent, where X represents the participant laboratory i

RM result' and HEDL represents the RM result obtained by HEDL.
I

-r

!
!

I
I

- . - _
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TABLE 3.11

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FSOM IRRADIATION RM-Il[FissionFoilSets(DPS/mg9E01)]!a)

= l'.}g;)n %y ~@g;3 Qt[3oe.get., t.ie,.s.rr - 0 u
mus.).s A 3.064 f .01 3.003 3.15 1.169 10.95

4 3.153 f.0$3 1.108 18.92
..i m , . .o i.n i.m i ... i .i ., . 4. n..
C.t 1.4A 1.01 (1.14) 9 u (10.4)
e 3.013 1.su t.tu te.3 to.ts
c 3, , m4 i.iu . . . . .
F t.Se t 2.62t 1.17. 10.5e

*

f._. % $ilit" Elllit"$dh", l&'
.,. n . . ...i i.u i.m .m ..m . . x.

, ,.,n . .n, ..m ..NC.l t.097 1.22 1.351 8.78 f.793 7.42 8.484
.. t i.n .mi,m) ..n l.x,
, t. 0. i.30, . 4n ..n . . . .
i . . .n i .n. ...u .mi
F t.044 1 .332 9.601 4.30.

Wn. e.ini ..i nii.. .a., .... woui., . . s,w. 4.d . ,ia s.,s3 iwu na 3.0u.i/j..eu ..i
s6. ,uoci...ii, ne

i. n na t. . ne .i t . e. . .., ii . i. .,.. , 3.0a (f
Nr iaie u i. ... .. .. . .~i,ie. e., su 1. w,.i.r, .* wo e.i.e. .r. ,e,,iu . 1,. e.i i. ,,,,..

.

.= e,- non o. ,

TABLE 3.12
.

I

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FRO (M 1RRADIAT10N RM-II
'

[Non-Fission Foil Sets (DPS/mg @ E01)] a)

e,.c o..

Oosiseter Laborat.ry $# 1 ) pl

H5Nr A 1.16 1.144 2.41 f.M9 2.06 f.020
! $ ).137 f.377 2.016
!

C.l(6) 1.03 1.138 2.31 2.399 1.87 2.019
C.2 1.06 7.35 1.95
0 i.13 1.141 2.43 2.386 2.01 1.995
( ).las 2.400 2.011
F 1.1 32 2. 334 2.003

Him, A 1.82 1.018 1,40 1 .382
5 1.825 1.381

C-1(b) 1.79 1.636 1.33 1.390
C.t 1.84 5.37
0 1.84 1.801 1.42 1.397
L 1.828 1 .38 )

F 1.834 1 .8 34

I8I The fir
the pa,st cotvan listed under each h.a.dta; are those d.ta re rted b.ytte t,.n the MIDL data.The a r in P reu1. the expone.ts, the second co1ven 1t for those numbers following {eg.1.16 (t*6) should read

6
1.16x10 ) .

IN .e ledteldvalg ran 5.p.,ete analyset fee this laboratory .ad bothT

v.tues art t. port e d.

3.3-7
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T ABLE 3.13

DEVI ATIONS OF RM RESULTS FROM 1RRADIAT10N RM-II*

Reaction Laboratory

_A_ B C-1 C-2 0 E F

SSNi(n.p) 1.40 -9.57 -6.85 -0.96

63 u(n.a) 0.88 -3.7) -2.04 1.84
C

54Fe(n.p) 1.98 -7.38 -3.42 0.75

58Fe(n.y) 0.11 -2.51 0.22 2.17

59o(n,y) 1.30 -4.32 -1.44 1.C5
C

237Np(n,f)l03 u 3.42 -9.70 -10.4R

95 r -l<58 -10.9 -5.6Z

137Cs -7.83 -1,34 1.73

238 (n,f)103 u 2,09 -11.9 -8.860 R

95 r -0.78 -11.6 1.58
/

137 s -16.8 -7.96 1.38
C

*Tne deviation cited is (X/HEDL-1) given in percent, where X represents the N
participant laboratory RM resul+ and HEDL represents the RM result obtained
by HEDL.

These axial Ni RM results were fit by a cosine buckling term of the form
cos[B(y - C)], where y is axial distance in mm from reactor midplane.

TheTable 3.15 summarizes the B and C parameters obtained from these fits.
axial distribution becomes flatter when penetrating into the vessel wall,
while the axial maximum shifts from negative to positive values.

Small radial flux corrections were applied to the detectors from the RM-Ill
interlaboratory capsules, since the detectors in these capsules were not all
positioned on the same vertical axis. Somewhat different decay scheme
parameters were used by the RM-Ill participants. In order to intercompare

results, all reported data were rescaled using decay scheme parameters taken
from Zijp and Baard (Zi'79).

3.3-8
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TABLE 3.14

SPECIFIC ACTIVITIES MEASURED BY THE PARTICIPATING LABORATORIES
IN 1RRADIAT10N RM-Ill

85tCITIC ACTIVIT118 SILAint 10 SCA/CIN
FICCMMINDEL

IN!!ktABORATORY ) IFECITICa1&CTION AIRE M & A CAPS ,gp
C apSG.E ACTIVITIES

ECN FtB (AERE), (2) (AIRE 12 (2I
*

M(n,n') 1.17 1.02 2 062 10 9.0

- 50lki(n .p ) . 1.01 1.09 1.05 7.!42 1G 39I *

k"Te(e.pI 1.01 1.00 1,07 1.10 1.10} 10 4.)
7

"'Ts(n.p) c.99 1.c2 1.13 1 07 6.$03 tc' 5.)
')C u t n.4 ) 1.02 1.01 c.9p 3) 1. poi 10 i.*5

| (1,29) (1.03)

DIr C.)? 0.98 ),4}7 10 1.67

"'O 3137c. c.96 0.98 2,)st 10 2.0

D
zt 0 93 - 0 98 3. $c4 10 2.6

238g(qn{$37cs 0.99 0.97 2.7)# 10" 1.4e
4 9)Nb(0.n.). 1.00 1.))O 10 p,)6
"

58NL(e.p) 1 00 1.00 1.07 1 0) 4,472 10 317

"Te(n.p) 1.00 0 98 1.11 1.09 6 956 105 6.0-

46Ti(n.p) 1.00 1.01 1.12 1.04 ),5): 103 49
' 6)ce(n.a ) 1.01- 1.01 1.01(3) 9,206 10) 05

(1.1)) (1.08)

9)t4(n.n')- 0.85 4.64) 1 0 11.83
,

38pt(n.p) 0 99 1 09 1.02 1,731 107 4.4'
'5're(n.p) 0 97 1 00 1 10 1 10 4,606 105 6.0
'kTita.p) 0 96 1.02 1.13 1.07 g,161 105 S.8

*

6)C u(m .o ) . 1 0) _ 1.02 _1.c2(3I-
__(1 30)

).663 1D} 1.0
(1.)?)

9)ho(n.n') 30.84 ).))6 40 11 9
NMt(n,p) ; 1 00 0 99 1.07 1.00- 6 310 506 y,)

M e( a.p) -- .i.00 1.00 .1.10 1.07 9 306 1C" 4.?T
.

" 4671(n.p). 0 96 0 98 (0.76) 1.01 7 566 10' 22

._ 6)Ce(n.a)- 1.00 1.01 -_i.C2(3) 1 245 103 0.9
(1.46) (1 27)

~

I)
' 2)RR&A: LRolls Royce and Associates.

(AERE)1: Measurements performed at Harwell; (AERE)p: Measurements-

(3) performed at Winfrith.Cu_ foil-from interlaboratory capsule.

3.3-9
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TABLE 3.15

PARAMETERS B AND C OBTAINED FROM FIFTING
AXIAL Ni RM DOSIMETRY DATA

- _ .

IkhADIATION LOCATION h (mm ) C ( som )

-

4. 4 2 t o') 45.4L3C

1/4 T 3 34 10* - 20.6

1/2 T 2.82 to'5 - 4.9

y ja. T 2.60 1o' ).2

- - - -

Th( agreement between SCK/CEN, Ech, and PTB is excellent -- in general,
better than 2% for all non-fission detectors and better than 5% for the
fission detectors. The agreement between the (AERE)] and (AERE)2
restlts is reasonable: the [AERE)] results are, on the average, 4% to 5%
highirthanthe(AERE)gresults,whiletheaveragediffgrencefortheCu9 Nb(n,n') aredetectors is about 10%. The observed differences for
somewrat larger than could be expected, taking into account the results from
a rece1t niobium intercomparison (To82).

The specific activities deduced from the detectors in the AERE/RR&A capsules
are systematically higher (except for ND) than the specific activities

: 5% to 10%, ondeduced from the detegtors in the ingerlaboratory capsuthe tiverage, f or the %i(n,p),the he p), and the
whileadifferenceofs25%isnotedfor(rg,Cu(n,a) reactions.i(n.p)reagtsions,These {u
diff er?nces are apparently not due to a bias in the calibration of the
cotnting equipment of the participants, sincu a round robin of Cu detectors
of the interlaboratory capsules resulted in an excellent agreement -- Detter
than 3% (see Table 3.14). Preliminary investigations indicate also that
local f ast neutron flux perturbations, created by the dosimetry capsules,
can be excluded, so that a major reason for the observed 5% to 10% dif fer-
ences could not be identified. The high specific activities from the
3Cu(n a)dCo reaction in the AERE/RR&A capsules are probably due to Co

impurities in the Cu material.

Tne overall uncertainties on the measured specific activities, as quoted by
the dif ferent laboratories, are given in Table 3.16. The uncertainties are
on the order of 1.5% to 3% for most reactions, except 93Nb(n,n').

The recommended specific activities (Table 3.14) at the end of the irradia-
tion were calculated by averaging the available results. The Cu results of
the AERE/RR&A dosimeter capsules were not considered in the calculation of
the recommended specific activities (values given between brackets in
Table 3.14).

3.3-10
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TABLE 3.16

OVERALL UNCERTAINTIES ON THE MEASURED SPECIFIC ACTIVITIES

- UllCEiiTAINTY (1 o) IN %
FEACTioN

ECN PTB AEkE T4K/CEN

95 r 2.9 17 2.1%
237ip(si,f)ft

13?ce 29 1.4 2. 0

,

99 r 29 25 2.1Z
238 (n.t)U

137 a 2*9 1*N 2*UC

3Hbin.n') 5 6- _ 4. fi 45-
58Ni(n.p) 2.6 15 34 19
Mb Ve(n.p) 22 13 2.4 19

'Ti(n.p) 23 15 32 19
65 a(n.a) 27 15 32 19c

-The results of the't'hermal dosimeters are not discussed in this paper _since

they are of less importance to the PCA/ PSF program. These gCo and 58mCoermal RM resultswere only used to determine minor corrections such as the
burnup_of the Ni detectors.

3.3-11
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3.4 CON'CLUSIONS

While the agreement:among the majority of-the laboratories participating in
the RM-1 and RM-II interlaboratory comparisons is generally satisfactory,
with non-fissile dosimeter results generally falling within +5% and the
. fissionable dosimeter results-falling within +10%, improvement is still
required 'in order to-routinely meet accuracy foals of LWR-PVS survaillance
dosimetry. Imnroved agreement was attained in the RM-III experiment,
wherein non-fissile RM monitors generally agreed better than 2% and fission
monitors generally agreed to better than 5%. The results obtained from
these tests along-with the subsequent ~ corrections indicate that a critical
review of botn analytical and calculational techniques must be conducted on ,

a periodic basis by all of the laboratories. In addition, it is recommended
that each| laboratory review and utili.ze, where possible, the appropriate
ASTM Standard Methods and Guides, maintain system calibration and/or control
documentation,.andfcontinue in this or similar programs using existing
bencherk facilities for verifications and direct correlations.

In the RM-I an'd RM-Il 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 surveillance capsule fluence values (often
based on only.one or two- reactions), a bias of 40% or more could easily have
been introduced.- Following discussions of the preliminary analysis results
and identification of existing problems, these biases were generally reduced
to below 15%.

In the RM-Ill 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 (To80), more accurate cross-
section: data? are needed for the Nb(n,n') reaction; see Sections 2.3.1 and 5.2.2.

l

| An important distinction between the RM-I and RM-II intercomparisons and the
'RM-III-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-III,-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 dosimetry 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-III test. The reader is

: referred to the-NUREG/CR-3320, Volume 3 (Mc87c) report on the. PSF Physics- -

Dosimetry Program. '

' Finally,^these tests and_interconiarlsons establish a clear and significant;

difference in accuracy between fi 'i le and non-fissile RM-dosimeters. The
important contribution of fast neutrons to PV embrittlement, especially in

-the' region from roughly 0.1 up to 1.0 MeV, makes' the use of the threshold

3. 4-1 -
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i fission monitors 23% and 237f4p crucial in LWR-PVS dosimetry. The higher
uncertainties of fissile RM dosimeters relative to non-fissile RM dosimeters
(by about a factor of two) are just barely acceptable given the goal
accuracies of LWR-PVS work, indeed, there is no fundamental reason that
fissile RM dosimeters must possess such considerably higher uncertainties.
If anything, these two threshold RM fissile dosimeters generally possess as
accurate or more accurate integral cross sections in standard neutron fields
than do the f ast neutron non-fissile RM dosimeters (Fa76,Gi85,Ma8?).
Conseauently, additional work is clearly needed to resolve systematic
effects that are adversely impacting the accuracy of RM dosimetry with
fissile monitors.

3.4-2
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3.5 NBS RADIOMETRIC _COLLNTING_ AND FlMJN,2 STANDARD}
E. D. McGarry (NBS)

In addition to the benchmark referencing requirements discussed in Section
2.1, it was considered necessary to have HEDL radiometric counting procedures
benchmarked (re-validated) because of the interlaboratory comparisons conductt.
by HEDL in support of the international participation in the Per benchmarks.
Because HEDL performed the analyses of the comparisons (Ke82), all results
are reported relative to the HEDL results. These comparisons made available -

an assessment of the-quality of the world-wide status of radiometric dosimetry
for LWR surveillance, Section 3; consequently, a permanent record of these
LWR-PV-SDlP benchmark efforts involving HEDL radiometric analysis has additional
meaning.

i'able 3.5.1 specifies the certified fluence standards supplied to HEDL by NBS -

to benchmark reference radiometric counting for the PSF.

-Table 3.5.2 gives the HEDL measured activities of the fluence standards at
the end of irradiation (E01) and the derived average r".ction rate per nucleus.

Table 1.5.3 gives an analysis of HEDL's evaluation of the NBS fluence standards,
lhe quantities reported by NBS for each standard are a certified neutron fluence
and an -irradiation time in a fission spectrum (see Table 3.5.1). The quantities
reported by HEDL for each fluence standard are specific radioactivity and a
saturated reaction rate,- because the HEDL gamma spectroscopy system (energy
selettive counting system) is calibrated, in a absolute sense, in tenns of its

-

measured response to various NBS and IAEA gamma standards. The reacticn rates
-derived hv HEDL are in the form of the measured dosinetry data that are needed-

as input .o spectrum adjustment codes which, in turn, provide dosimetry adjusted
transport , lculations; i.e., to locally measured dosimetry conditions.

Performing an analysis without modifying the inforn$ gU fission-spectrum-averaged
ion repnrted in Tables

3.5.2 and 3.5.3, is best accomplished by deriving -

cross saction information. s

Part i Table 3.5.3 gives two vg}yes for both the iron and nickel (n,p)'

react.a.is and four values of the 4 50 fission cross section. The Taole 3.5.2
uncertainties listed adjacent to the columns of values are one-sigma results
and the NBS uncertainties are not incorporated in the HEDL results. However,
there is considerable uncertainty correlation among the various isotopic
resul ts. - This is a result of interdependencies such as multiple results from
selectively counting various isotopes from a fission foil, or iron and nickel
results from an alloy, and uncertainties common to the same counting system.

In Part II of Table 3.5.3, the as-derivad 235U cross sections are compared
with evaluated experimental (EXP'MTL) results, taken from Ref (Gr86a), andi.

y3Dith calculated results which come from integrating the ENDF/B-V form of the
U fission spectrum with the cross sections from the ENDF/B-V dosimetry-A

file. As is frequently the case for well calibrated gamma counting systems,
the derived cross sections agree better with the evaluated experimental results,
However, the bias with-calculation is important because-measured dosimetry
reaction rates are f ;ost always compared with those calculated from neutron-

3.5-1
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transport-generated spectra, in this comparison, an analysis should take into
account the known existing biases between benchmarked measurement and
calculation. How this is generally accomplished is not known. Even if all
the difficulty is attributed to errors associated with the differential cross
section data in the ENDF files, it is not clear how uncertainty correlations
in adjustment procedures account or compensate for the mentioned biases.

In any event, the processed fluente standard data chown in Part II, Table
3.5.3, tends to confirm the adequacy of the HEDL radiometric-dosimeter gamma-
counter calibration (at a variety of gamma energies) that existed in the 1982-
1984 time interval.

,

3.5-2
1

- _ - -



. .. - - - - . _ - . . ~ - - . - . . . - . . . - . - -

TABLE 3.5.1

CERTIFIED FLUENCE. STANDARDS SUPPLIED TO HEDL BY NBS TO BENCHMARK
-

REFERENCE RADIOMETRIC COUNTING OF LWR-PV-SDIP DOSIMETRY

Exposure
Foil 235U Time NBS Fluence Time
I.D. Irrad. E01 (Hours) Fluence Uncert. (Seconds)-

<

Ni-R Fe/Ni-1 02/06/83 72.3- 4.425E+15 2.1% 2.604E405
,

Fe-GD Ti/Fe-1 03/01/83 93.5 5.980E+15 2.4% 3.367E+05
-

Fe/Ni-C U/Fe-2 11/20/83 97.8 6.056E+15 2.2% 3.520E+05

U8-5-27 97.8 6.056E+15 2.2% 3.520E+05
" "

,

- 08(Nat)-5 U/Fe-3 08/30/84 149.0 9.070E+15 2.5% 5.364E+05

TABLE 3.5.2
'

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

<R>

Uncert. Derived
Foll ' Time Act' ity on Reaction

i- I.D. Reaction (Seconds) (dps; .:.g) Activity Rate

Ni-R 58Ni(n,p)58Co 260424 3.717E+02 2.7% 1.849E-15

Fe-GD 54Fe(n,p)S4Mn 342000 7.595E+00 2.1% 1.443E-15

Fe/Ni-C 54Fe(n,p)54Mn 352020 7.174E+00 3.3% 1.397E-15
58Ni(n,p)58Co 352020 3.738E+02 2.6% 1.878E-15

=

238U OBa '352020 1.495E+02 3.8r. 5.416E-15U8-5-27 238 (n,f)
3Ru 352020 5.782E+01 2.8% 5.411E-15

"

238 ((n,f)
U

-

238 (n,,f) jCs
Un r- 352020 2.899E+02 2.9% 5.325E-15

".
U f) 352020 2.065E-01 3.6% 5.463E-15

-

3.5-3
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TABLE 3.5.3

DERIVATION OF OBSERVED 2350 SPECTRUM-AVERAGED CROSS SECTIONS
FOR NEUTRON FLUENCE STANDARDS AND COMPARISON OF RESULTS WITH
PUBLISHED EXPERIMENTAL VALUES AND WITH CALCULATED VALUES.

PART I -- Cross Section Derivation:

<0> <R> Cross
Section

NBS HEDL From
Foil Fluence Reaction <R>/<0>
1.D. Reaction Rate Rate (mb)

Ni-R 58Ni(n,p)58Co 1.699E+10 1.8490E-15 108.8

Fe-GD 54Fe(n,p)S4Mn 1.766E+10 1.4430E-15 81.7

Fe/Ni-C 54Fe(n,p)5fMa 1.720E+10 1.3970E-15 81.2
58Ni(n,p)58Co 1.720E+10 1.8780E-15 109.2"

238 (n,f) OBa 1.720E+10 5.4160E-15 314.9V8-5-27 U

238 (n,f) 3Ru 1.720E+10 5.4110E-15 314.6"
U

238 (n,f) Jr 1.720E+10 5.3250E-15 309.6". U

238 (n,f) Cs 1.720E+10 5.4630E-15 317.6'
U

PART 11 -- Comparison with Experimental and Calculated Results:

Measured
Cross Exp'mtl Exp'mtl Calc. Cal c .

Section Value Versus Cross Versus
Foil <R>/<0> NBS Measured Section Measured
I.D. Reaction (mb) (mb) (%) (mb) (%)

Ni-R 58Ni(n,p)58Co 108.8 111 2.022 105.00 -3.492

Fe-CD 54Fe(n,p)54Mn 81.7 81.7 -0.988 81.00 -0.856

54Fe(n,p)54Mn 81.2 81.7 0.615 81.00 -0.856Fe/Ni-C
'

58Ni(n,p)S8Co 109.2 111 1.016 105.00 -3.846"

233 (n,f) OBa 314.9 312 -0.921 305.2C -3.080U8-5-27 0
238 (n,f) 3Ru 314.6 312 -0.826 305.20 -2.989"

U

238 (n,f) jCsU r 309.6 312 1.007 3C5.20 -1.421"

238 (n,f) 317.6 312 -1.763 305.20 -3.904"
U

3.5-4
i

_ ________________ - _______ - __ _ _ -



4.9 TRANSPORT CALCULATION R F S U LTS - S tHM ARY

L. F. Miller (ORNL) and A. F. Thons (RR&A)

The Punlaide Facility (ISF) and the Pool Crit ical Assembly P ressure Vensel
Facility (PCA-PVF) have been used exteneivelv toc evaluating measurement tech-
niques sind c ompu t a t i ona l me t hod s . Differences among nm a s u r e r.e n t s and calc ula-
tions for the PCA-PVF and PS F (S t 81 c ,Mc 81 b ,Ma60c ,MaHl f ,Ma82a) have generally
been in the 101 to 201 range. Somewhat larger d ii f e re nce s between measure-

ments and calculations have been noted for comparisons t h r. t include transport
through several inches of iroa and for pa rt ic u la r dos ime t e r s.

Results reported herein are relative to the startup experimentr at the PSF and _

are reported in detail b<j Maerker and Williams (Ma82i) and by Maerker and
Worley (Ma84a). Results by Maerke r and Warley (Ma84a) are revisions of those
by Maerker and Will.ams (Ma82i) and are about M better than the original
calculations. 't h e geometry and components used for this experiment are essen-
tially equivalent to the PSF described in Section 1.1. Details relative to
caleuiations are included in Section 4.1.

flux-synthesis technique based onThe uentran transport calculations utilize 3 a
4 three calculations (two two-dimensional md one one-dinonsional). The source

term was obtnined from a t h ree -d ime n s iona l d i f i un ion theory calculation (Vo81)
and is reported in Section 1.2. Rat ios of calculated-to experimental values
for the revised calculations range from 0.75 [at the 3/4-T position for
46Ti(n,p)} to 0.93 [at the 1/4-T positton for 237Np(n,f)]. D isc repanc ien
between measurements and calculations relative to the startup experiment are
within expected rnnhes based on previous evaluations (i.e., PCA-PVF), known
uncertaintica assoc iated wit h nuclear data , measurements, and applicable com-
potational methodology.

Details are provided elsewhere (Mc87c) of the calculational methods and data
,

used and the results obtained by RR&A in the successful vall'iation of the
ANISN raethodolor,y and the subsequent calculation of the PSF 4/12 trradiation
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
c onsistency analys e of the measured reaction rates in the UK dosimet ry for
the IS day startup and the SSC 1 and SSC-2 expetiments. They are also used in
Section 6.2 in the derivation of recommended exposure parameter values for
these expetiments,

4.0-1
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4.1 ORNL ANALYSIS
L. F. Miller

Dosimeter irradiations for the s ta rt up expe riment were conducted during the
last 18 days of ORR cycle 151-A at locations depicted by Figures 1.1.13 and
1.1.14. Middle-of-cycle (MOC) burnup a.id control-rod conditions are utilized
to define input data for the three-dimensional (3-D) diffusion code VENTUkE
(Vo81) used f or determining the source distribution ( se e Section 1.2). An
anc illary code , VIPOR, was used for preparation of input Jata to VEN1URE. The
3-D neutron source distribution was integrated in appropriate transverse
directions to obtain x,y , y,z , and y-source distributions for the associated
discrete o rd ina t e s t ranspo rt calcule.tions. The DOT-IV (Rh79) computer program;

was used for the two two .iimensional (2-D) transport calculations ( XY and YZ), I_
'and ANISN (En67) was used for the one-dimensional (1-D) transport calculation

(Y).

Results from the 2-D and 1-D transport calculat ions were combir ed as shown
below to ovnthesize the 3-D f l u xe s . In particular,

? ( x ,y , z) = f ( x ,y)f (y , z) /t (y) (1)

where 4 ( x,y ,z) r ep resents the 3-D flux dis tribution. C oo rd in a t e s ( x,y ,z) a re
identified on Figures 1.1.13 and 1.1.14. The motivation for this method to
synthesize the 3-D fluxes and explanations relative to conditions when the
synthesia results should be essentially exact are described by Maerker and
Williama (mas 2i). Comparisons of measurements with calculations are given by
Table 4.1.1 and are provided by Maerker and Worley (Ma64a). The overall com-
parisons indicate agreement in the first thtse locations to within approxi-
mately 15% and approximately 20% for the 3/4-T location. These resalts, as

,

well as others (Wa80,MaB1), suggest that the ENDF/B-IV inelastic cross section
for iron may be too hich by approximately 8%. In addition, there are expected
uncertainties in the source normalization due to reactor power messur ments
and to within-cycle t ime -de pende n t source distributions.

.

4.1-1
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. TABLE 4.1.1

COMPARISON OF SOME CALCULATED AND MEASURED * SATURATED
, - ACTIVITIES IN THE STARTUP EXPERIMENT IN Bq PER NUCLEUS AT 30 MW

,

SSC 1/4-T ,l/2-T 3/4-T

63 u(n,a) 2.58-15** 1.90-16 7.05-17 2.46-17Calculated C

63 u(n.o)- 3.07-15 2.10-16 7.97-17 2.81-17Measured- 0
C/E 0.84 0.90 0.88 0 87.

Calculated 46Ti(n,p) 5.00-14 3.31-15 1.19-15 4.00-16
'6Measured '= Ti(n,p) 6.12-14 4.04-15 1.47-15 5.30-16

C/E -0.82 0.82 0.81- 0.75

Calculated 54Fe(n,p) 4.07-13 2 44-14 8.84-15 2.97-15.

Mensured 54Fe(n.p)- 4.67-13 2.75-14 1.02-14 3.74-15
C/E 0.87 0.89 0.87 0.80

Dalculated 58Ni(n,p) 5.57-13 3.36-14 1.25-14 4.30 -15
Measured 58Ni(n.p) 6.45 13t 3.90-14 1.49-14 5.56-15

- :C/E 0.86- 0.86 0.84 0.77

- Calculated 238 (n,f) 1.39-13U

238 (n, f) 1.56-13?Measured - U
,

| C/E 0.89

Calcula'ed 237Np(n,f) 1.30-12t

Me;.sured 237Np(n, f) 1.40-121-

C/E _ 0.93

*All measurements, except the.58Ni(n,p) measurement in the SSC, are taken
from.(Ke80,Ke81). The 58Ni(n,p) measurement is provided by A. Fabry. The
vertical: locations vary'batween 50.8 and 76.2 'mm below the reactor mi dplane.

** Read ' 2.69 x 10-15 e te,
.tAverage of the 137Cs and_952r fission product results only; the 144Ce

fission product _'results were ignored because they seemed less consistent
with the=others.

p ..
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I ,2- RR&A ANALY Q4
A.F. Thomas, S.P. Walley (Rolls-Royce and Associates Limited, U.K.)

4.2,1 Discussion

As part of the USNRC-LWR-PV- .P neutronics calculations of the experimental
facilities.were required ir 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 R6 actor 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 (Mc81).

-In order to,f acilitate the analysis of the dosimetry measurements f rom the
PSF metallurgical irradiations (including the 18-day f ull-power thermal and
physics " Start-Up" experiment) which took place in an optimised but di"'arent
configuration from that.of the PCA, neutron spectral shape information
throughout the PSF array was required, as well as best estimates os calculated
. parameters 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-1-D-deterministic neutron transport calculational-technique
(ANISN) and a 3-D Monte Carlo neutron transport calculational technique
(MCSEND). Initially the use of the 1-D ANISN method was considered 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 estimatesoof 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

1 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.

4.2-1
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5.0 COMPARISON AND EVALUATION OF PHYSICS-DOSIMETRY DATA - SUMMARY
W. N. McElroy and R. Gold (HECL)

Physics-dosimetry analyses of the PCA and PCA Replica and the PSF experiments
followed by the application of neutron flux-spectral adjustment procedures
and sensitivity analyses have been perform at HEDL, ORNL, CEN/SCK, RR&A, AERE-
Winfrith and other participating laboratories.

Under ' idealized environmental conditions (benchmark), modern computational
techniques 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-
Operiments were undertaken, where factors of_two or more differences between -

'

FSAR predictions and surveillance capsule measurements were not uncommon.
The achievable accuracy will be markedly less, basever, in applications to
actual nuclear power plants.

For the PCA, the results of the consistency analyses by HEDL, ORNL and RR&A
indicate that the reactor physics calculationc maa to be biased on the low
side and differences outside the derived one-siuma 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 PCA configurations
are considered.

For_0RNL studies, differences among-measurements.and calculations for the
PCA and PSF 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 inches of han and for
particular dosimeters. Discrepancies between measurements at <lations
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 methodology.

For RR&A studies, overall the results_ obtained by both 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 experieental array. The underprediction by
about 10% of_ reaction. rates using the_MCBEND technique was, however, something--

L of a _ disappointment, given the success of.the recent reanalysis of_ the PCA
~

12/13 " Blind Test" using the same technique. Nevertheless, these results
were not inconsistent with the level of stochastic uncertainty achieved, which
was necessarily limited by economic considerations. In that sense the 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 00T)
transport calculations whose uncertainty is entirely unquantified and where good
agreenent can often only be achieved after a judicious amount of 'a priori'
benchmarking:and 'ad hoc' synthesis.

5.0-1
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To advance PV neutron transport methodology, more complete answers must be
found for a number of existing inconsistencies between measured and calculated
reactor physics parameters for the PCA, PSF: VENUS, NESDIP and PWR and BWR
cavity and surveillance capsule experiments. These inconsistencies are
identified.

With regard to C/E inconsistencies for the NESDIP2 and NESDIP3 benchmarks,
ORNL has found that if one folds the AERE-Winfrith measured spectrum with
the reaction cross sections used in obtaining the calculated activities, the
resulting agreement with the reasured activities is excellent; this lends
great credibility to the measared spectrum, measured activities, and the
dosimetry cross-sections.

In helping to establish a better understanding of the reasons for some of the
inconsistencies between calculated and measured "through PV wall" quantities
for the PCA and PSF bent" marks, HEDL has fit an exponential function (of the
fo:m($ti=($t)o exp(-br)) to PCA, PSF, and Gundremmingen through wall
dosimetry derived flux and/or fluence results. The least-squares derived
exponential b-value for the PCA is about 6.3% higher than that observed for
the PSF Some differences between the PSF and PCA results should be
anticipated btcause of differences that exit 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 EG&G-Idaho 54Fe(n,p)54Mn
through wall activation measurements. Here again, an exponential representation
is found to be an excellent fit to these data. It would be of considerable
interest to repeat the Gundremmingen analysis using dosimetry adjusted flux
(E > 1 MeV) values and to perform a similar analysis 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 takcn from trepans that were removed from
the reactor shield tank.

A study of the consistency of the b-values for the PCA Replica, the other
five PSF experiments 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.
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51 ~ CONSISTENCY OF PCA. PSF. VENUS. NES0lP. PWR AND BWR DATA.

W. N. McElroy and R. Gold (HEDL)

Physics-dosimetry analyses-of the PCA and PCA Replica (Ka83,Mc81,Bu84,Mc84i,
AuB5) and.the PSF (Fa80a,Ke82,Ma82e,To82,To82a,Wi82,Ka83,To83,Ba84a,Gu84d,Ma84a,
.Ma84b,St84,St84b,McS7c,Mc87d) experiments followed by the application of neutron
flux-spectral adjustment procedures and sensitivity analyses have been perform
at HEDL,. ORNL, CEN/SCK, RR&A, AERE-Winfrith and other participating
laboratories.

The PCA (Mc81,Mc841) and PCA teplica (Bu84) Experiments and PCA Blind Test
computational results support the statement (Fa79) that under idealized
environmental conditions (benchmark), modern computational techniques 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 markedly less, however, in applications to actual nuclear power plants
because of new low-leakage neutron core fuel . management schemes, geometrical
complexities and other factors; all of which will continue to require careful
study and evaluation for specific PWR and BWR plants.

For the PCA, the results of the consistency analyses by HEDL (Lippincott),
ORNL (Stallmann) and RR&A (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

L 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. RR&A

has the largest range of uncertainty values; for example, for $(E > 1 MeV),
the PsR&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 (Pool 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 (St81c,Mc81b,Ma80c,
Ma81f,Ma82a) 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 inches of iron and
for particular dosimeters."

He furti:er states:

5.1-1
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"The neutron transport calculations utilized a flux-synthesis technique
based on three calculations (two two-dimensional and one one-dimensional).
The source term was obtained from a three-dimensional diffusion theory
calculation (Vo81) and is reported in Section 1.2. Ratfos of calculated-
to-experimental values for the reviacd calculations range from 0.75 [at
the 3/4-T position for 46Ti(n,p)] to 0.93 [at the 1/4-T position for
237Np(n,f)]. Discrepancies between measurements and calculations relative
to the startup experiment are within expected ranges based on previous
evalualions (i.e., PCA), known unce-taintles associated with nuclear
datu, measurements, and applicable computational methodology."

As stated by Thomas and Walley (Section 3.27, Ref. Mc87c):

"Overall the results obtained by both 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 recction
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 reanalysis of the PCA 12/13 " Blind lest" using the same technique
(AuBS). Nevertheless, these results were nol inconsistent with the level
of stochastic uncertainty achieved, which was necessarily limited by
economic considerations. In that sense the 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 DOT) transport
calculations whose uncertainty is entirely unquantified and where good
agreement can of ten only be achieved af t?r a judicious amount of 'a priori
benchmarking and 'ad hoc' synthesis. Houever, it is finally worth pointing
out that recent experience in runting Monte Carlo physics codes on
dedicated micro-computers at RRSA has shown that such calculations can
be made much more cheaply and hence more competitively with deterministic
calculations than the work reported here."

To advance PV neutron transport method 31ogy, more complete answers must be
found for a number of existing inconsistencies between measured and calculated
reactor physics parameters for the PCA, PSF, VENUS, NESDIP and PWR and BWR
cavity and surveillance capsule experiments (Mc88). Among these discrepancies
are: 1) the under-prediction of exposure and dosimetry sensor reaction rates
with increasing penetration within the PV wall, 2) the consistently low C/E
ratios (in the range of 0.6 to 0.9) fc r the 238U(n,f), 237Np(n,f), SSNi(n,p),

.54Fe(n,p), and 63Cu(n,a) and other threshold reactions in surveillance capsule
and ex-vessel cavity locations, 3) differences (up to 20%) associated with
the use of the reactor total power level instead of the actual local flux
level for calculating sensor reaction rate saturation factors (Ma85d), and 4)
the deterioration of the C/E agreemen'. for the IH(n,p) reaction from near unity
in the core region to values in the 1.2 '.o 1.7 range as one approaches the
edge of the core corner and certain locations in the core barrel and outer
baffle for the VENUS experiment.

With regard to ORNL reported C/E inconsistencies for the NESDIP2 and NESDIP3
benchmarks (Ma87), Maerker has stated:

5.1-2
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"If one folds-the AERE-Winfrith measured spectrum with each of the threc
. react ton cross sections [(325(n,p),1151n(n,n'),103Rh(n,n')] used in
. obtaining the calculated activities, the res:ating agreement with the

.

measured activities is excellent (C/E - 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_ establish 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-

-

SYBC, Section A2.5, Ref. Mc87c) benchmarks, Gold and McElroy (Go871)- fit an
exponential function of the form,

($t)=($t)o exp(-br). (1)

Here, ($t) represents the fluence nf neutrons having energy > 1 MeV within
the PV wall and r is the radial- distance (in inches) from the front surface
of the PV. The two parameters in Eq. (1), namely (Qt)o and b, are generated
by the least-squares analysis. Theparameter($t)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 adjustad values of

' fluence (E > 1 MeV) at 0 T,1/4 T,1/2 T and 3/4 T PV wall locations, values4

-

:of b = 0.347 A 0.0097 (2.8%) for the PSF and b . 0.369 A 0.0062 (1.7%) for
the PCA were-derived. The ratio of these two b-values is 1.0634. Thus, the

PCA value is about'6.3% higher than that observed for the PSF, f differencesSome differences
'between the PSF and PCA results should be anticipated because o
-that exist in these-two PV mockups. In particular, the metallurgical tests in

L the PSF necessitated temperature-control apparatus. As a consequence of this
temperature-control--apparatus,-perturbations were introduced into the PSFr

! mockup-of the;PV. For example, electrical heaters as well: as gas and water
cooling were employed within the PSF _ mockup in an effort to maintain constant
.irradiatio.n temperature. No such apparatus 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,.,, lied-by J. W. Rogers of EG&G, Idaho) are based on the fission spectrum

- average cross-section 'of the 54Fe(n,p)S4Mn reaction. As can be.seen from the
_ -least-s_quares 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 prelicinary, it is most encouraging and obviously.
merits refinement through an in-depth spectral adjustment analysis of physics-
dos _imetry results for the Gundremmingen trepans. It 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 ~(Sh88).
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A study of the consistency of the b-values for the PCA Replica, the other
five PSF experiments (which includes the 18-day Startup Experiment; see Appendix
A, Ref. Mc87c) and Gundremmingen should be accomplished. Such a study is
needed to determine if thene 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.
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Figure 5.1.1 Radial dependence of the f62,t fluence deduced from 5'Mn
observations in a trepan cut through the Gundrenningen PV.
The smooth curve is & lsast squares fit of the data to an
exponential function. Error bars represent the 1-o uncertainty
in the fluence deduced using the fission spectrum average cross
section for the !"Fe(n.p)3"Mn reaction.
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' 5.2 Connis.tency of Experiment al Dat a-UK Measurement n
A F Thomas (Rolls-Royce & Associates) ',

;

The consistenci analysis of the measured reaction rates in t he 11K dosimet ry !
.

in both the ORR/ PSF (4/12) 18 Day Start-up irradiation and the ORR/ PSF (4/12) l

SSc1 and SSC2 capsules was conducted using both determini. tic and statistical
methodn.

5.2.1 Deterministic Analysis

'

The deterministic approach to the consistency analysis of the measured !

reaction rates involved converting them into appropriato neut ron exponure !

pa rameters f .e. f ast neutron flux (F/1Hev) for the threshold reactions,
epithermal flux f or the gadolimum covered' 59Co(n,4) and 58Fe(n e li) reactionnand thermal flux for the bare 59Co(n,I) and 58 e(n,I) reactions. TheseF

exposure parameter values were then compar.ef for di! ferent react.nons at the
same locatfon.

llowever in order to lac 111 tate such conversions reli .ble values of the
appropriate ef fective cross sections are required. This was achieved by

'

means of calculated neutron spectra and reaction rates from an ANT W
,

calcuintion of the ORR/ PSF (4/12) configuration (see Section3.2,Ref.Mc87c).The *

calculational methodology and nuclear data, including dosimetry croso
sectionn (taken from the IRDF 82 file which is based on IMDF/H-V) had been
successfully benchmarked against tb PCA Blind Test results (McA1) and found *

to give excellent re sul t s . The calculated effective cross sections are
therefore shown in Tabic 5.2.1 and the resulting estimates of exposure

,

parameters (i. e. fast, epithermal, and thermal neutron flux) are shown in
Tabic 5,2,2 (a and b).

It can be seen that the consistency between the 63Cu(n. d. 46Ti(n.p),
54 e(n p) and 58 i(n.p) reaction rate measurements is remarkably good inF N

,he. case of the 18 Day Start-tfp irradiation but less so in the case of the '

SsC1 and SSC2 irradiations, llowever, in all cases the 93 b(n,n') reactionN
rate incasurements generally fall about 25% lower than the other threshold
reactions in the prediction of flux (E>1Mev). The source of this discrepancy

be resolved by a detarministic annlysis, since it may be due to a widecacnot

variety of causes such as cross section errora, measurement errors, spect ra l
'

errors etc.

Where measurements were available the consistency of the resonance reaction
ra tes (i .e. SNFe(n,Y) and 59Co(n,'s) in gedolimum boxes) and the thernal

the bare - 58 e(n,Y) and 59 o(n,'()) was also good and ;reaction rates (i.e. F C

the values of fluxes consistent also with eniculation.
,

i

4
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latile 5.2.1 Effective Neutron Cross Sections for

Activation Detectors Uned in__ORR/ PSF
( 4/12) Configurations

'~
Effective Cross Sec t i on ( mi l li ba rn r. )

l, Reaction SSC 01 tT | fT j !T
~

||
|

FAST NEUTRON FLUX * I |

|
I' 3Cu(n,w)60Co 0.44 0.61 0.48 0.38 0.31

A f'Ti ( n . p) 4 6Sc 8.11 10.1 | 7.77 l 5.95 4.63

50Fe(n,p)S4Ha 63.3 70.6 55.5 43.4 34.3

589t(n,p)58Co 85.5 f 94.7 75.9 60.6 l 49.2'

l

93Nb(n.n')93mNb 222.5 225.6 228.4 238.9 255.0
|

JjPITHERhiAL I ! ( | |

NEUTRON H.UX* | | |
i l

58Fe(n,T)S9Fe(Gd) 570 170 ' 990 7,060 6,810
59 o(n,I)60Co(Gd) 38,400 12,000 67,800 470,800 443,100C

| |
! !

|TPF.RMAL NEUTRON ,

n.U xa j |
l l l

5 R 'e ( n , 'J) S9Fe( ua re ) 1,400 1.060 1,870 7,990 7,740
54C)(n,f60o(Bare) 64,600 38,800 94,100 501,200 473,000C

.

*N.B. Fast neut ron flux = n/cm2/sec (ErlMev)
Epithernal neutron flux w n/cm2/sec (0.4ev(E<D.1Mev)
Thermal neut ron flux = n/cm2/sec (E<0.4ev)
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Table 5.2.2a Comparison of Exposure Parameters
E9tinated from rotectors Irradinted '

in ohR/ PSF (4/12) Stsrt Up Irradiation

Fxposure Parnneter Value
RI5; TION SSC iT iT(of f 9et ). }T [T

~~

l
FAST NEl! TRON FLifX* { ! |
h3Cu(n,%)buco 6.98E12 4.88E11 4.29E11 2.7 8 E11 1.17 El l46Ti(n.p)46Sc 8.15 E12 5.03 Ell 4.39E11 2.69E11 1.16E1154Fe(n,p)54 n 7.71E12 5.28E11 4.36E11 2.58E11 1.14 E11M
5HNt ( n , p) 58co 7.72E12 5.15E11 4.24E11 2.48E11 1.13 E11
93Nh(n.n')93mNb 6.79E12 4.25E11 3.4 5 E11 1.87E11 8.71E10 '

EPITilERMAI, NElfTRON 1
I ( !

FLtiX* | | | { |

58Fe(n I S9Fe(Cd)59 o(n,f)60c,;ud) - - - - -

- - - - -

C )

TIIERMAL NEl! TRON | | | |

| FLUX * | | !

$8Fe(n,/)59Fe(Ba re) 3.34F12 2.37E11 1. 20E11 1.10 E10 5.10E959Co(n,Y)60Co(Bare) 3.0$E12 2.09E11 - 1.02E10 5.20E9

| | \ |

* N.B. Fast neutron flux = n/cm2/sec (FJ1Mev)
Epithermal neut ron flux = n/cm2/sec/0.4ev<E(0.1Mcv)
Thermal neutron flux = n/cm2/sec (E<0.4ev)
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Iable 5.2.?b Crnparinon of Exposure Pararetern
intcetorn i r r a t' ~ a t e dEstimat ed f rom c

in ORR/PS)(4T12) SSCl arvi 9SC2 Capsulen

! lxpnsure Parameter Value(3HMU)
RI. ACTION SSCl (34-A) SSC2 ( 34- A)'

FAST _NFUTRON FLUX * !

63Cu ( n ,w) f'UCo 7.12E12 6.66E12
46 i(n.p)46Sc 8.24E12 8.07 f:12T
54 e(n,p)S4 n 7. 51 E12 7.52E12F M
5HNi(n p)58 r 7.82E12 1 7.64E120
93Nb(n.n') % :..b 5. R R El ? 6.38E12

EPITIO:RMAL t'FUTRON | I

FLUX * |

58Fe(n,Y 59Fe(cd) - 2.65/.12
59 o(n,6)60C Co(Cd) 2.64E12 2.52E12

THrRMA1, NEUTRON I

FLUX
.

58Fe(n.T)S9Fe(Bare) - 2.65E12**
59 o(n, D60Co(Bare) - 2.38E12**C

* N. B . Fast neutron flux = n/cm2/sec (E>lMev)
Epithermal Neutron flux = r./cm2/sec (0.4evvE(0.lMev)

' Thernal neut ron flux = n/cm2/sec (Es0.4ev)

**34-H Locations
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5.2.2 statiselcal Analysis

i

For the purposes of a thorough statistien11y based consistency analysis a
linear least squares adjustment method was adopted using the t'K code sENSAK,

'

(Mc79a), This method employs full variance-covarianco data to adjust prior i

estimates nf neutron spectra and activation cross sections to achieve naximum
.

likelihood estimates of exposure parameters and their uncertainties f rom '

given sets of activetion measurements.

The prior estimates of the neutron spectra were again taken f rom the ANISN
calculation described in section 3.2*and the cross section data from the
TRDF82 dosimetry ille. The variance-covariance data for the 63Cu( n ,0() ,
46Ti(n,p), 54 e(n,p), 58N1(n.p) and 93Nb(n.n ') react ionn was t aken f romF

various 'iterature sources (Pe82c, StR0a, Sc7?a) whilst for 58Fe(n,'() and
SUCo(n.,), data f rom (Mc75c) was used and a narrow Caussian correlation

,

matrix assumed (i.e. FWHM of 2 groups).

The routron spectra group flux errors were based on previous experience at
Rolls-Royce and Associates (i.e. in the region of 30% to 50%) and a relatively v

wide Gaussian correlation matrix was assumed (WIN of 5 groups). The
measurement errors were based on those given in section 2.3.1.3. The
correlation matrix of the measurenents was baned on the evaluated systematic

7errors due to nuclear data and calibration methods and is shown ic general
telow

59Co(n,'f) 46Tc(n.p) 54pe(n,p) 58Fe(n,'t) 58N1(n.p)-63Cu(n,*() 93Nb(n.n')

59Co(n,T) 1.0 0.5 0.5 0.2 0.5 0.5 0.0 t

46Ti(n.p) 1.0 0.5 0.2 0.5 0.5 0.0

54 e(n.p). 1.0 0.2 0.5 0.5 0.0F

58 e(n,1) 1.0 0.2 0.2 0.0F i

.

58N1(n,p) 1.0 0.5 0.0

63 u(n g) 1.0 0.0C

93Nb(n.n') 1.0-

The required exposure parameters calculated by SENSAK from the adjusted flux
spectre vera

(1) Neutron Flux (E>1Mev)
(11) - Neutron Flux (E>0.1Mev)

-(iii) L Atom Displacement Pate in Iron (for materials damage analysis) using-

ASTM E693-79 cross sections.
(iv) = Atom Displacement-Rate in A1 02 3 (for Sapphire Damage Monitor analysis)

using RECOIL calculations (Ca76) assuming Al displacements only.

* Ref. Mc87c
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The results of the SENSAK analyses are sumnarised in Tobic 6.2. 3. In additiva
to the estinates of exposure parameters and their errors, two other parameters
are given: the source scale f actor and the va riance scale factor. The source !

scale factor reflects the average renormalisation of the ANISN calculated
neutron spec 6 ca which was required to achieve broad prior agreement between
calculated and measured reaction rates before adjustment. The variance scale
f actor (VSP) is the value of X2 per degree of freedom and reflects the
degree of consistency between the calculated and nessured reaction raten.

The source scale factors were all within +15% of unity indicating gned prior
estimaten of the calculated neutron flux intensitie9 The valuen of VSF were
all less than 1.0 indicating that the consistency between nensured and
calculated reaction rates was rather better than the errors on the input data
suggested. It may be reasonably inferred that the errors on the input neutron '

group fluxes were somewhat ev.aggerated, since all the other data errors were
f rom evaluated sources. Certainly none of the SENSAK calculations indicated
that any of the measurements was suspect, since none of the calculated
(adjusted) to near.ured reaction rate ratios deviated by more than 1% f rom
unity.

It was noted from the renults of the SENSAK data adjustments that, in all
cases, the required reconciliation between the 93Nb(n n') reaction rates
an2 the other threshold detector reaction rates (demanded by the deterministic
analynis discussed earlier) was achieved by adjustments to the 93Nb(n.n')
cross section'. This was manifest in all locations by a gradual reduction of
the cross section in the threshold region .(0.1 - 2.0 Mev) by upto 25%. It

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

. The uncertaintles on the exposure parameters estimated by the SENSAK analysis
are all within +7?, to +15% (Ir). Most of the variation is due to dif f erences

! In consistency in the measurements at a given location which is reflected in
the value of variance scaling factor. If the variance scaling factors are
set to 1.0 for all locations the range of the errors reduce to +13% to +22%.

i
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Table 5.2.3 Komnary of Result s yr srNsw rc.nsint encv
_

Analvsts of OKR/ PSF (4/1?) IM Day St a r t -Pp
a n <i S Sf:1 and S5r2 Ca psul e9

r

'
Sol 1RCE VARI ANCI. FLIT * FL '. T* DPA RATL* DP A R %T E*

l.0C AT 10'1 SCAL.E SCAL.E (E >lMev) ( E > 0. lMev) (IRnN) ( SAP Pl!I RE)
FAC10!! FACTOR

__ _ _ -

-

SSC O.96 0.39 6.77E12 2.00E13 1.07t>8 6.50E-9
48.37 +10.2? 47.6% +10.67

PVS(lT) 0.95 0.68 4.18E11 1. 61 E12 7.66E-10 5.081:-10
+12.17 415.0% +11.5% +15.6%

PVS(!T of f) 0.87 0.37 3.761:11 1.46E12 6.91E-10 4.59E-lO

PVS(}T) 1.16 0.23
~+ 8 . 7 7. +11.1% +8.3% +11.6%
2.19 El l T.20E12 T.94E-10 3.67E-10
+7.8% +9.7% +7.5% +10.0%

PVS(!T) 1.17 0.18 9.04E10 7.05 Ell 2.66E-10 7.12 E -i n
+7.17 +8.9% +7.4% +9.4%

SSC1 0.95 0.23 7.05E12 2.13E13 1.13E-8 6.84E-9
+8.1% +9.1% +7.1% + 8 . 3',

SSC2 0.91 0.22 6.89E12 2.07El3 1.10E-R 6.64E-9
+7.7% +8.3% +6.5? +7.6%

2* FLUX = neutrons /cm /second (30MW)
DPA RATE - dpa/second (30MW)

All errors quoted are to one standard deviation (I r)
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6.0 [1EOS'dREPARAMETUL[S,llM1[S - SUPARY
W. N. McElroy (HEDL)

RR&A recommended exposure paran,eter values integrated over tho appropriate
exposure times for th: ORR/ PSF (4/12) 18-day Startup and SSC-1 and SSC-2
irra<11ations are pesented in Section 6.1. It is noted that the RR&A exposure
values are given for the locations of the UK dosin:etry capsules. Exposure
parameter values for fluence (E > 0.1 and 1.0 MeV), dpa in iron, and dpa in
sappnire are presented. The irradiation tin,es are also given, which permits
the derivation of fluence and dpa rates.

HEDL's discussinn and/or referencer. to the results of physics-desimetry studies
of other LWR-PV-SDlP participants for the ORR/ PSF (4/12) 18-day Startup, SPVC
and SVBC experiments are presented in Section 6.2.

CEN/SCK derived average values of fluence rate (flux (E > 1 McV)) at a nominal
power of 30 MW from the different detector types irradiated in the 18 day
startup test are presented in Ref. To82a. As stated oy Tourw6 et al. :

" Appreciable differences are observed in the flux (E > 1 McV) data according
io the interpretation based on ihe D01 spectra or on the ANISN spectra:
The differences becomo more important when penetrating into the pressure
vessel wall. The neutron flux > 1 MeV in the SSC position and the 1/4 T *

position could be determincd with an accuracy better than 10%."

for the 18-day startup test, HEDL analyzed the radiometric data supplied by
six participants (Ke82) but did not derive any exposure parameter values.

The HEDL-ORNL recommended-consensus physics-dosimetry data and data bases
for the metallurgical specimens for the SSC and SPVC experiments have been
established and are discussed in Refs gum.d, stb 4, Mc86b, Mc87c, and Mc87d.

The RfA recommended physics dosimetry data base for the metallurgical specimens I
for the SSC and SPVC experiments are presented in Ref. Sc86a.

d

in addition to these HEDL, ORNL and KFA results, other LWR-PV-SDIP participants
have established their own evaluated data bases related to their use of data
and/or analyses for Part 1,11 and Ill of the PSF Blind Test; see Ref. Mc86b.

Appendix B of Ref. Mc87c provides information on the HEDL analysis and
derivation of exposure parameter values for the SVBC experiment; these results
deserve more extensive study by LWR-PV-SDip participants because they might
provide more information on possible causes of some observed systematic biases
between calculated and measured quantities (see Section 6.2 and Ref. Mc87c).

Using DM (Graphite and Tungsten) results, Saclay (C.E. A) damage exposure
parameter values for four positions (SSC, 01, 1/4T, 1/21) are presented in
Section 2.2. These experimentally derived graphite and tungsten
damage / activation ratios are dimensionless quantities that are to be used
with measured nickel fluences to derive damage fluenccs (E > 0.1 and 1.0 MeV)
and dpa in iron.

6.0-1
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6.1 RetA nocommended__lixgisure pa rame t e r
IAtiwaten
A p Thoma n ( Roll rs-Kcyce and Auociates Lt.1 UK)

The itRt A recommended exposure pa ramet er est innt en i nt egra ted over t he
appropriate exposure times for the ORR/ PSF (4/12) 18 Day Start-Up anl SSCI
and S5C2 t rradiat ions are shown in Table 6.1.1 Th< nnee rt ainty values

associated with these estimates are based on the unsealed va riances. Whilst
it is probable that the i npu t errors on the neutron flux spect ra have been
ove r es t ima t ed , unt il such t im" that t hese ha ve been evaluated explicitly, it
is nore justifiaSle and more connervative to reconnend the unsealed exposure
pa ranot er e rrors.

It should be emphasised that the exposure values quoted in Table 6.1.1
are the exposure valuen at the locations ot the UK dos tmet ry capsole s which
have been defined in sections 1.1 and 2.3 In the case of the 18 Day.

Start-Up irradiation the only ot er measurements of int eres t were the

irradiation indured changes in optieni dennity of the Sapphire Damane
Monitors. Since these were included in the activation dosimetry parks the
exponure pa ra me t e rs in Table b.l.1 . may be rend across directly.

In the case of SSCI c.nd SSC2, ext rapolations to both the metallurgical
specimens and the UK Sapphires must be made. Since there were no UK
measurement o of gradients nade on the capsules the chosen method was to
adopt the analytical formulation of Stallmar (see Refs. Mc87c and StMl:

p(x,y,z) = p , cos Ilx (x-xo), cos B (z-z ). exp (- h(y-yo))3 o
where p(x, y,z) i s the damage parameter value at coordinate (x,y,x) and
p is the damage parameter value at the geometric centre of the rel eva nt ~

' o
capsule (Nil x = lateral plane z = vertical plane and y = t hickness plane *

of capsule).

For the purpose of estimating the relative exposure parameter on UK
metallurgical specimens and sapphire dosineters the following assumptions
were made t

(1) For dosimet ry capsules at locations 34A and 15A

(x-x ) = -4.1 cma ( 34 A); + 5.1 cms ( 35 A)o
( y-yo ) = -0. 5 cms
(z-z ) = 5.6 cmso

6.1-1
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Table 6.1.1 RR4A reccnmended Exposure Parameter
E s t i_ma t e s in ORR/ PSF (4/12) 18 Day
Star t-l?p and SSCI and SSC2 Ca psule s

_

"
LOCATI ON 1RRADIATION FLU ENF E* FLU EN Cl:* DPA DPA

(DOSIMETER Il0LE) TlME(S) (EAIMev) (E>h.lMev) - (IRON) (SAPPHIRE),
l

SSC j 1. 512 E6 1. 02 E19 3.0?E19 1.62E-2 9.83E-3
I +13% +16% +12% +17%

'

PVS(iT) , 1.512E6 6. 32 E17 2.43ElR 1.16E-3 7.68E-4
1 +15% +18% +14% +19%

'

; PVS(l'I of f set) 1.138E6 5.03E17 1.9 5 El R 9.25E-4 6.140-4
+14% +18% +14% +19%
3.27E17 T.74E18 7. 3 7 E-4 T.47E-4PVS(!T) , 1.491E6 |

| +16% +20% +16% +21%

PVSt}T) I 1.489E6 1.48E17 1.0 5 E) 8 3.96E-4 3.16E-4
.-+17% ._21 % .-+17% ._22%+ +

~

1 i l |

| I

SSCI ( 34-A) 3.866E6 2.73E19 8.23E14 4.37E-2 2.64E-2
+17% +19% +15% +17%

'

SSC2 ( 34-A) 7.746E6 S.34E19 ! 1.60E20 8.52E-2 5.14E-2 -

'+16% ._17% ._14 % .16%+ + +
~

W2

* FLUENCE = neutrons /cm2

All errors quot(cd are to one standard deviat ton (le)

6.)-2
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(11) For me t all.urgical specimens

(x-x ) = -9.9 cms (Lef t ); +10.9 enn (Hight)o
(y-yo) a 1.07 cms
(z-z ) a 4.1 cms to 11.1 cms in I cm .sepso

(iii) For sapphire dosimeters at locations 17/18

(x-x ) = -2.0 cms (17); +3.0 cms (18)n
( y-yo) = 0.0 ces (nomi na ll y)
( z -z ) = 5.6 cmso

The values of the other parameters used were those given by Stallman.

The value of P(x,y,z)/P for the UK dosinetry at locations 34A and 35Ao
uning this data 19 1.02, 0.99 and 1.01 for fluence (t: > 1 MEV), fluence
(E > 0.1 MEV1 and dpa (iron) renpectively,

o

A sunnary of the relative ext rapolated parameters f or UK me tallurgical
specimens and Sapphire monitors is shown in Table 6.1.2. Values for other
incationn can be similar1; evaluated.

'

For the metallurgical specimens the relative exposure values given in Table
6.l.2a have a precision in the region of a f ew percent . Iloweve r , the
location and design of the Sapphire Damage Monitor capsules were such that
a significant flux gradient existed along their Jength. In addition the
Sapphire itr,cif did not Jit Sycunetrically within the capsule. This
uncertainty is reflected theref ore in the relative exposure values quoted
in Table 6.1. 2b .

,

-

9
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i

Table 6.1.2a Relative values. nf Exposure Parameters

f or Rolls-Royce and Associates Metallurgy,
Specimenn in SSCI and SSC2 with Rer,pect to
UK Dosinet ry

! SPECIMEN NUf1HER EXPOSURE RELATIVE TO UK DOSIMETRY
SSCl SSC2 FLUENCE FLUENCE DPA (IRON)

( E '# 1 f tEV) (E 5 0.1 MEV) _

R8RT R64T 0.88 0.32 0.85
R1 R31 0.89 0.83 0.86'

R2 R32 0.91 0.84 0.88'

R1 R33 0.93 0.86 | 0.90
R4 R34 0.95 0.88 0.92
R6 R36 0.97 0.90 0.94
R7 ! R37 O.99 0.92 0.96'

R89T R65T 0.88 0.82 0.85
R8 R38 0.89 0.83 0.86
R9 R39 0.91 0.84 0.88
R11 R41 0.93 0.86 0.90

O.88 0.92R12 R42 0.95 '

R13 R43 1 0.97 0.90 0.92
R14 R44 0.99 0.92 0.96

-

Table 6.1.2b Relative Values of Exposure Parameters
for UK %pphire Danage ?lonitors in
SSC1 and SSC2 with Respect to UK
Dosimetry

SAPPilIRE NUMBER (HOLE)I EXPOS 11RE RELATIVE TO UK D031 METRY I

SSC1 SSC2 FLUENCE FLUENCE DPA (IRON)
'

(E A 1 MEV) ( E > 0.1 MEV)

1(2V17) 3(4V17) 0.9(10.1) 0.9(10.1) 0.9(10.1)
2(2V18) 4(4V18) 0.9(10.1) 0.9(10.1) 0.9(10.1)

6.1-4
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6.2 OTHfR EXP05QRLPARAMETfLf T.!! MILS
W. N. McElroy (HEDL)

'

HEDL's discussion and/or references to the results of physics-dosimotry studies
of other LWR-PV-SDlP participants for the ORR/ PSF (4/12) 18-day Startup, SPVC
and SVBC experiments are presented in Sections 6.2.1 through 6.2.3.

6.2.1 [J1/S(K_RJjl)LTMD ANALLSE

CEN/SCK derived average values of fluence rate [ flux (E > 1 MeV)) at a nominal
power of 30 MW from the different detector types irradiated in the 18-day
startup test are presented in Table 7. Ref. To82a. As stated by Tourwe et
al.. in Ref lo82a:

_

* '

" Appreciable differences are observed in the flux (E > 1 MeV) data according
to the interpretation based on the DDT spectra or cn the ANISN spectra:
The differences become more important when penetrating into the pressure
vessel wall. The neutron flux > 1 MeV in the SSC position and the 1/4 7
position could be determined with an accuracy better ihan 107.."

6.2.2 SACLAY (C.E.A) RESQLTS AND ANALYJ_lS

Using DM (Graphite and Tungsten) results, Saclay (C.E.A) damage exposure
parameter values for four positions (SSC, OT, 1/4T, 1/21) are presented in
Section 2.2. These experimentally derived graphite and tungsten
damage /activatian ratios are dimensionless quantities that are to be used
with measured nickel fluences to derive damage fluences (E > 0.1 and 1.0 MeV)s

and dpa in iron.

6.2.3 l![DL. ORNL. Kf_A. AND OTHER_f ARTICIPANT'S REERLTS AND ANELYjin

for the 18-day startup test, HEDL analyzed the radiometric data supplied by -

six participants (Ke82) but did not derive any exposure parametne values. -

The HEOL, URNL, KFA and other LWR-PV-SDIP participants derived exposure
parameter values for the SSC-1, SSC-2, and SPVC are presented in Refs. GuB4d,
St84, Mc86b, Mc87c, Mc87d and Sc86a.

The HEDL-ORNL recommended-consensus physics-dositetry data and data bases for
the metallurgical specimens for the SSC and SPVC experinents have beeni

established and are discussed in Sections 4.1 and 4.2 and in Appendices A
through D of Ref. Mc87c.

The KFA recommended physics-dosimetry data base for the metcllurgical specimens
for the SSC and SPVC experiments are presented in Tables 4 and 5 of Ref. Sc85a.

in addition to the HEOL, ORNL, and KFA results, other LWR-PV-SDIP participants.,

have established their own evaluated data bases related to their use er data
and/or analyses for Part I 11 and 111 of the PSF Blind Test. The reader is,

referred to Section S.O ar.d Appendix A of NUREG/CR-3320, Volume 1 (Mc87c) for
more detailea information.

6.2-1
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:

Appendix B of Ref. Mc87c provides information on the HEDL analysis and
3 derivation of exposure paranieter values for the SVBC experiment. Some relevant

information (taken f roni Appendix B) on possible effects of the flooding of
the void box on contributing to observed systematic biases between calculated
and measured neutron exposure parameter and detector reaction rate values ;

'

follows:

'ecause of the water flooding of the void box during the e,a.ly gart of the1 n/cm (E > 1 MeV) jirradiation, the SVht t arget neutron exposure of ~5 x 10
was never achievnd. It was est Mated by ORNL that the actual fluence (E > 1
MeV) was a f ortar of 20 to 40 tiras lowr than the target fluence based on
sn early aneument of preliminary results of the HEDL dosimetry measure-
ments. The oVDC irradiation tenperature was est imated to be ~37 C by ORflL.

lhellLDI ffRPfb 5At;D 11 results reported herein indicate that the actual

dpa and 4.8 x 10 galues for the center location of the SVBC uere 6.1 x 10-5neutron exposure
1 n/cm2 (E > 1 MeV), with (le) uncertainties in the range

of 14 to 22%

ihese SVCC physics-Josimetry results are of additional interest because of
the need to verify the OR!il estimates of the effect of the water flooding
and voidoge on tho perturbation of the neutron exposure and exposure rates
in the SpVC. Such perturbations could be contributing to some of the
obser &d ystematic biases between calculated and measured neutron exposare

-

and dosimeter sensor reaction rates, particularly at the 1/21 position of
the SPVC (see figures A3 A6). The information of interest here is that
associated with the HEDL determinations of individual sensor reaction rates
gradients as reported in Appendix A by Kellogg et al. It is important to

obscrve that thr integrated ef fects of the SpVC perturbations reaulting from
the void box flooding are included in the HEDL and ORf1L reported exposure
values for the SSC-1, Ssr-2, and SpVC (OT, 1/4T, 1/2T). What may not have
been properly assessed -by ORNL, however, would be small, but perhaps, non-
negligible changes associated with the exposure rates.

- Another reason for plating amphasis on the ef fects of the flooding of the
void box, is to better-define rhat the actual exposure rates were for the
eic:ht steel materials irradiated in the SVBC, Hare, knowing the effect of
flux level could be importunt for the future interpretation and use of the
42*f Charpy shif t data point for the bulk wcld material and the setting of
. upper bound limits-for the observed shifts (s15 f) for the other seven
materials (Mc86)M The high shif t of 42*f for the low temperature (~67'f).,
irragiation cf the bulk weld materia 1 for a neutron fluence in the low 10 0

L n/cns ([ ^ l McVi exposure range was unexpected, This is partly why Perrin(Pe86)
qualified this measured change as an " apparent increase in the transition
temperature region and a possible drop in the upper shelf energy level "
Another import ant reason for the more careful quantification of the
environmental cyposure conditions- for the eight -SVBC steel materials is- to,

'

provide documenthd-reference data that can be used in the event any of these
' irradiated mater 9 5 were to be reused in future metallurgical testing1

programs related to 'end-of-life and plant life extension studies associated
with shield tankr and support st ructure steel components (GoS6,Mc86,Mc87f),

bAlsosee(Mc87f)- 6.2-2
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lhe metallurgical irradiation experiment at the On Ridge Research Reactor Poolsid- r

fccility (ORR-PM ) is one of the serit of benchmark experinents in the framework n'
th> Light Water Reactor Pressure Vessel Surveillance Dosimetry improvement Program
(La-PbsDIP). The goal of this program is to test, againtt well-established
benchmarks, the methodologies and data bases that are used to predict the irradiation
emt.rittlement and tracture toughness of pressure vessel and typort structure steels.
The prediction methodology includes procedures for neutron hysics calculations,
dosimetry and spectrum adjuttment methods, metallurgical tr.sts, and damage
correlations. The benchmark experiments serve to validata, improve, and standardize
these procedures. The results of this program are impleirented in a set of ASIM
standards on pressure vessel surveillance procedures. Tht*e, turn, may be used asi

guides f or the nuclear industry and for the Nuclear liegulato. ,v vamnission (NRC).

To serve as a benchmark, a very careful characterization of the ORR-PSF experiisent is
necessary, both in terms of neutron flux-fluence spectra and of &tallurgical test

( results. Statistically determined uncertainties must be given in term-; of variances
!- ,and covariances to make comparisons between predictions and experimental results

meaningful. Detailed descriptions of the psf physics-dosimetry startup experimentsand their results are reported,
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