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FOREWORD

The Light Water Reactor Pressure Vessel Surveillance Dosimetry Improvement
Program (LWR-PV-SDIP) has been established by the U.S. Nuclear Regulatory
Commission (NRC) to improve, test, verify, and standardize the physics-
dosimetry-metal lurgy, damage correlation, and associated reactor analysis
methods, procedures and data used to predict the integrated effect of neutron
exposure to LWR PVs and their support structures. A vigorous research effort
attacking the same measurement and analysis problems exists worldwide, and
strong cooperative links between the U.S. NRC-supported activities at HEDL,
ORNL, NBS, and MEA and those supported by CEN/SCK (Mol, Belgium), EPRI (Palo
Alto, USA), KFA (Julich, Germany), and several United Kingdom laboratories have
been extended to a number of other countries and laboratories. These coopera-
tive links are strengthened by the active membership of the scientific staff
from many participating countries and laboratories in the ASTM E10 Committee
on Nuclear Technology and Applications. Several subcommittees of ASTM E10 are
responsible for the preparation of LWR surveillance standards.

The primary objective of this multi Taboratory program is to prepare an updated
and improved set of physics-dosimetry-metal 1urgy, damage correlation, and asso-
ciated reactor analysis ASTM standards for LWR PV and support structure irradi-
ation surveillance programs. Supporting this objective are a series of
analytical and experimental validation and calibration studies in "Standard,
Reference, and Controlled Environment Benchmark Fields," research reactor "Test
Regions," and operating power reactor "Surveillance Positions.”

These studies will establish and certify the precision and accuracy of the
measurement and predictive methods recommended in the ASTM Standards and used
for the assessment and control of the present and EOL condition of PV and
support structure steels. Consistent and accurate measurement and data analy-
sis techniques and methods, therefore, will be developed, tested and verified
along with guidelines for required neutron field calculations used to correlate
changes in material properties with the characteristics of the neutron radia-
tion field. Application of established ASTM standards is expected to permit
the reporting of measured materials property changes and neutron exposures to
an accuracy and precision within bounds of 10% to 30%, depending on the meas-
ured metallurgical variable and neutron environment.

The assessment of the radiation-induced degradation of material properties in
a power reactor requires accurate definition of the neutron field from the
outer region of the reactor core to the outer boundaries of the PV. The
accuracy of measurements on neutron flux and spectrum is associated 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
ex-vessel support structures and 2) understanding the relationship between
material property changes in reactor vessels and their support structures, in
metallurgical test specimens irradiated in test reactors and at accelerated
neutron flux positions in operating power reactors.

The first component requires verification and calibration experiments in a

variety of neutron irradiation test facilities including LWR-PV mockups,
power reactor surveillance positions, and related benchmark neutron fields.
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The benchmarks serve as a permanent reference measurement for neutron flux
and fluence detection techniques, which are continually under development

and are widely applied by laboratories with different levels of capability.
The second component requires a serious extrapolation of an observed neutron-
induced mechanical property change from research reactor "Test Regions" and
operating power reactor "Surveillance Positions” to locations inside the body
of the PV wall and to ex-vessel support structures. The neutron flux at the
vessel inner wall is up to one order of magnitude lower than at surveillance
specimen positions and up to two orders of magnitude lower than for test
reactor positions. At the vessel outer wall, the neutron flux is one order
of magnitude or more lower than at the vessel inner wall. Further, the neu-
tron spectra at, within, and leaving the vessel are substantially different.

To meet reactor PV radiation monitoring requirements, a variety of neutron
flux and fluence detectors are employed, most of which are passive. Each
detector must be validated for application to the higher flux and harder
neutron spectrum of the research reactor "Test Region" and to the lower flux
and degraded neutron spectrum at "Surveillance Positions." Required detec-
tors must respond to neutrons of various energies so that multigroup spectra
can be determined with accuracy sufficient for adequate damage response
estimates. Detectors being used, developed, and tested for the program
include radiometric sensors, helium accumulation fluence monitor sensors,
solid state track recorder sensors, and damage monitor sensors.

The necessity for PV mockup facilities for physics-dosimetry investigations
and for irradiation of metallurgical specimens was recognized early in the
formation of the NRC program. Experimental studies associated with high-
and low-flux versions of a PWR PV mockup are in progress in the US, Belgium,
UK, and France. The US low-flux version is known as the Poolside Critical
Assembly (PCA) and the high-flux version is known as the Oak Ridge Research
Reactor Poolside Facility (ORR PSF), both located at Oak Ridge, TN. As
specialized benchmarks, these facilities provide wel1-characterized neutron
environments where active and passive neutron dosimetry, various types of
LWR-PV and support structure neutron field calculations, and temperature-
controlled metallurgical specimen exposures are brought together.

The two key low-flux PV mockups in Europe are known as the Mol-Belgium-VENUS
and Winfrith-United Kingdom-NESDIP facilities. The VENUS Facility is being
used for PWR core source and azimuthal lead factor studies, while NESDIP is
being used for PWR cavity and azimuthal lead factor studies. A third and

important low-fluence PV mockup in Europe is identified with a French PV-

simulator at the periphery of the Triton reactor. It served as the irradia-
tion facility for the DOMPAC dosimetry experiment for studying surveillance

capsule perturbations and through-PV-wal! radial fluence and damage profiles
(gradients) for PWRs of the Fessenheim 1 type.

Results of measurement and calculational strategies outlined here will be
made available for use by the nuclear industry as ASTM standards. Federal
Regulations 10 CFR 50 (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 monitors,
and neutron field evaluation. Revised and new standards in preparation will
be carefully updated, flexible, and, above all, consistent.
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EXECUTIVE SUMMARY

A list of planned NUREG reports is presented in Table S-lI. These reports
address individual and combined pressurized water reactor (PWR) and boiling
water reactor (BWR) physics-dosimetry-metallurgy issues. These will provide
a reference base of information to support the preparation of the new set of
LWR ASTM Standards (Figures S-1 and S-2).

HANFORD ENGINEERING DEVELOPMENT LABORATORY

Nuclear research emulsions (NRE) irradiations in the VENUS PWR benchmark are
described. Six VENUS NRE have been scanned in the integral mode. Absolute
proton-recoil reaction rates (l-integral and J-integral) results from these
six NRE are presented and compared to proton-recoil reaction rates predicted
by theory. It is difficult to interpret these comparisons between theory and
experiment because of the limited number of energy groups (only 17) used in
the neutron transport calculations. Nevertheless, these comparsions do
suggest that difficulties arise in the calculation of neutron transport as
one approaches the edge of the core corner.

A calculation was performed using neutron transport theory to evaluate the
neutron flux-spectrum within the Buffalo Reactor core region. In addition, a
dosimetry irradiation was carried out under carefully controlled conditions
using a mockup of an actual metallurgical assembly. Comparisons of the
calculation and measurements indicate good agreement, and the combination of
the two can be used to determine exposure parameter values to accuracies of
10% to 15%. Systematic differences between measurement and calculation,
however, indicate the importance of continued dosimetry measurements for
accurate flux fluence evaluation.

The existence of some very simple PV in-wall exposure parameter extrapolation
relations are uncovered through a comparative analysis of PCA and PSF bench-
mark data. Implications of these simple relationships for the description of
radiation-induced LWR-PV embrittlement are discussed. The coefficients in
the exposure parameter representations are material independent, but the
embrittlement models show a significant material-dependent variation.

International participation in the PSF benchmark has been used to assess the
worldwide status of RM neutron dosimetry for LWR-PV surveillance. In the
first two of these PSF experiments, involving mainly U.S. laboratories, agree-
ment was generally satisfactory, with nonfissile dosimeter results generally
falling with 5% (la) and the fissionable dosimeter results falling within
110% (la). Improved agreement was attained in the third PSF experiment,
involving mainly European laboratories, wherein nonfissile RM monitors gen-
erally agreed better than 2% (la) and fission monitors generally agreed to
better than 5% (1a).

A difference in transition temperature and upper-shelf energy has been
reported between specimens irradiated on the left- and right-hand sides of
the PSF metallurgical assembly. These metallurgical experiments were
reviewed to determine whether left/right asymmetries in the irradiation



environment could be responsible for the observed left/right differences.
This review concludes that environmental variables are, in all probability,
responsible for the observed left/right differences. For the transition
temperature measurements, differences in the in-situ irradiation temperature
exist. In the case of the upper-shelf energy measurements, a systematic
variation in exposure underlies the observed asymmetry.

Various mathematical representations of the nucleation and growth of
precipitates in irradiated LWR pressure vessel steels have been studied and
reviewed. Emphasis is placed on nucleation sites and copper-rich clusters
and their fluence and flux level dependencies. The validity of certain
assumptions and boundary conditions that are associated with the mathematical
formulation of the problem of developing model equations are addressed. It
is concluded that any set of assumptions can be made regarding the nucleation
and growth, and in some cases, solutions may be obtained in closed form, but
the accuracy will depend on the assumptions. For practical fits of Charpy
data, simple formulas involving fluence raised to a power give results that
are remarkably in conformity to the more complex realities of the world.

Summary information on ASTM and ASTM-EURATOM papers prepared by HEDL is
provided.

By conducting neutron spectrometry at different locations, one obtains the
variation of the differential neutron spectrum through the PV, which can be
used to validate calculations. This spatial variation is an especially
powerful probe for examining trends between theory and experiment, thereby
furnishing greater insight into any observed differences. During the fall
1981 PCA irradiations, proton recoil proportional counter neutron spectrom-
etry was conducted in the 4/12 configuration. Preliminary neutron spectral
results have now been obtained for the 1/4-T and VB locations. These
preliminary spectra cover the energy region from roughly 0.05 to 2.0 MeV.

Information is provided on the status of work to measure the boron and
helium (B/He) content of irradiated PV steels to help determine the effect
of the He generation rate (as one of the contributing environmental vari-
ables) in the calculation of plant specific end-of-life and life-extension
range material-dependent trend curves.

Six different PSF-irradiated alloy Cv specimens were received by B&W from
ORNL. Chemical analysis of the prepared samples was accomplished using
emission spectrographic techniques. Equipment calibration was achieved by

analysis of NBS SRM low-alloy steel samples. Chemical anlysis results for
14 elements are reported.

NATIONAL BUREAU OF STANDARDS

The masses of 32 SSTR fission deposits belonging to HEDL have been validated
by comparison to the known masses of NBS fission deposits. The importance
of this mass verification work is that the HEDL SSTRs have been and are
being used to characterize the neutron fields in a number of LWR-PV-SDIP
benchmark fields, namely PCA, NESDIP, and VENUS.



Comparison of SSTR measurements for 237Np and 238U fission-rate with correspon-
ding measurements made in the PCA block with the NBS double fission chamber
have shown a discrepancy of about 10%. It has been concluded that this is a
perturbation effect created by the introduction of the fission chamber into the
PV environment. More specifically, the void introduced by the fission chamber
during measurements in the PCA block produces approximately a 10% perturbation
(increase) in the measured fission rates. Previously published consensus fis-
sion rates for 238U and 237Np in the PCA must now be revised. Furthermore,
the uncertainty will be reduced but this will depend upon the data set (PCA
configuration) under consideration because, for some configurations, consid-
erably more of one type of data exists than for another. These changes in

the PCA experimental results have direct bearing on the PCA Blind Test

results. The basis for the Blind Test evaluations was the C/E ratios. This
change in 238U and 237Np fission rates will increase the averaged C/E ratios
by "5%. FERRET-SAND-Il least-squares' analyses will be performed with these
revised fission rates.

The 1986 version of the Compendium of Neutron Fields for Benchmarking LWR-PV
Surveillance Dosimetry was published as NBSIR-85-3151. In parallel with
development of this compendium and in support of the LWR-PV-SDIP development
of engineering types of benchmark fields or facilities, a new ASTM standard
guide entitled "Benchmark Testing of Reactor Vessel Dosimetry” will be
reviewed at the ASTM E10.05 meeting in Tampa, FL, January 26-28, 1987.

WESTINGHOUSE - NUCLEAR TECHNOLOGY DIVISION

A report was prepared by W-NTD in support of the NRC-sponsored LWR-PV-SDIP.
Results are given of a 1-D discrete ordinates neutron transport analysis of the
Gundremmingen BWR geometry. Neutron exposure parameter values (E > 1.0 MeV),
(E > 0.1 MeV) and dpa in iron are listed for a location one inch from the
outer radius of the core shroud as well as at the cladding/vessel wall. Also
presented at each location are the ratios of fluence (E > 0.1 MeV) and dpa to
fluence (E > 1.0 MeV). These ratios provide insight into the spectral shift
toward lower energies that occurs with penetration into the PV and are an
indicator of the different attenuation slopes at six locations within the
reactor exhibited by the three exposure parameters. Calculated neutron
spectra at six locations within the reactor geometry are also given. These
spectra are suitable for use as input to adjustment codes or for direct
determination of spectrum-averaged cross sections to be used in dosimetry
evaluations for the PV. Since surveillance capsule perturbation effects
have not been addressed, caution should be exercised in the use of these
data for damage or dosimetry assessments.

In a cooperative LWR-PV-SDIP program, neutron dosimetry measurements were
made for the H. B. Robinson plant during Cycle 9. The dosimetry was con-
tained both at a replacement physics-dosimetry surveillance capsule location
and in the reactor cavity outside the vessel. Excellent experimental results
were obtained that can be used to benchmark calculations of neutron transport
through the reactor vessel for H. B. Robinson and other similar reactors.
Calculations performed by Westinghouse show good agreement with measured flux



shapes, but the flux magnitude is underpredicted by 15% to 20% at both the
surveillance and reactor cavity measurement locations. Reasonable agreement
with measured spectral shape is also attained. By using a combination of
the calculations and measurements, the fluence at all points in the reactor
vessel can be determined to a high degree of accuracy. Work will continue
to link NESDIP and VENUS into the LWR-SDIP series of benchmarks and place
them in context with the studies being or already carried out in PCA, PSF
and a selected number of existing PWR and BWR power plants. The establish-
ment of H. B. Robinson as one of the PWR benchmarks is, therefore, an impor-
tant accomplishment. Detailed results of the H. B. Robinson measurements
and calculations are reported in WCAP-11104, NUREG/CR-4827 (Li85).

A report was prepared by W-NTD in support of the NRC-sponsored LWR-PV-SDIP.
This report describes the analysis of neutron and gamma-ray fluxes in the
VENUS PWR engineering mockup benchmark experiment (SCK/CEN - Mol, Belgium).
The full report is available as WCAP-11173, NUREG/CR-4827, January 1987.
Results will also be included in NUREG/CR-3323, see Table S-I.

INSTITUT FUR KERNENERGETIK UNO ENERGIESYSTEME (IKE)

A report was prepared by IKE in support of the NRC-sponsored LWR-PV-SDIP. A
3-D neutron spectrum analysis was performed by Institut fur Kernenergetik

und Energiesysteme, Universitat Stuttgart (IKE). The objective of this work
is to determine the neutron exposure of several trepans taken from the pres-
sure vessel of the nuclear power plant Gundremmingen Block A (KRB-A). The
work, funded by the U.S. NRC, is part of the KRB-A program analyzing through-
vessel-wall embrittlement of a real reactor vessel at the end of operation.
This progress report describes the method used, summarizes important input
data, and giv”*s first results of fluence (E > 1.0 MeV) values. Calculated
and measured Mn activities will be compared. A detailed analysis of all
transport-calculation results, especially neutron spectrum variation within
the vessel, is underway. Further comparison with available dosimetry results
will be performed.
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TABLE S-I

PROGRAM REFERENCE REPORTS AND DOCUMENTATION SCHEDULE

Revised 12/3/86

LWR-PV-SDIP Editors and/or
NRC Report No. Vol No. Lab Report No. Program No.* Issue Date Coordinators
NUREG/CR-1861 HEDL-TME 80-87 NUREG 1-1 July 1931 WN McElroy
(PCA Physics-Dosimetry)
NUREG/CR-3295 Vol 1 MEA-2017, Vol 1 NUREG 13-1 April 1984 JR Hawthorne
(PSF Vol 2 MEA-2017, Vol 2 NUREG 13-2 April 1984 JR Hawthorne
Metallurgy)
NUREG/CR-3318***** _ HEDL-TME 84-1 NUREG 1-2 September 1984 WN McElroy
(PCA Physics-Dosimetry) (Revised 9/87)
NUREG/CR-3319** HEDL-TME 85-3 NUREG 4 August 1985 WN McElroy
(Power Reactor Physics-Dosimetry) (Revised 4/87)
NUREG/CR-3320 Vol 1** HEDL-TME 86-8 NUREG 3 July 1986 WN McElroy
(PSF SSC/SPVC Vol 2** HEDL-TME 86-9 NUREG 2 May 1987 ) WN McElroy
Experiments & Vol 3** HEDL-TME 86-10 NUREG 5 February 1987 > R. Gold
Blind Test) Vol 4** HEDL-TME 87-XX  NUREG 6-1 March 1987 J
Vol 5 EPRI NP-4630 NUREG 6-4 August 1986 JS Perrin
T. Griesbach
Vol 6 CEN/SCK-XX NUREG 6-2 September 19871 Ph VanAsbroeck
JR Hawthorne
) A. Fabry
NUREG/CR-3321** HEDL-TME 87-XX NUREG 7 September 1987 WN McElroy
(SDMF Physics-Dosimetry) R. Gold
ED McGarry
NUREG/CR-3323 Vol 1 CEN/SCK-XX NUREG 9-1 January 1987 | A. Fabry
(VENUS Physics- WN McElroy
Dosimetry) Vol 2 CEN/SCK-XX NUREG 9-2 September 1987) R. Gold
NUREG/CR-3324 Vol 1 AEEW-R 1736 NUREG 10-1 January 1984 J. Butler
(NESDIP Vol 2 AEEW-R XXXX NUREG 10-2 July 1987 \ J. Butler
Experiments & Vol 3 AEEW-R XXXX NUREG 10-3 December 1987 / | Curl
Blind Test) Vol 4 AEEW-R XXXX NUREG 10-4 July 1988 > R. Gold
1 Vol 5 AEEW-R XXXX NUREG 10-5 September 19881 WN McElroy
f Vol 6 AEEW-R XXXX NUREG 10-6 April 1988 P. Miller

*Attachment 1 of (Mc85g) provides additional information on the expected contents
of tne 20 NUREG reports. Vols 4, 5 and 6 of NUREG/CR-3324 have been renumbered
so that Vols 4, 5 and 6 are now designated as Vols 6, 4 and 5, respectively.

**Tnese program numbers are not to be used on final reports.

***_oose-leaf document.
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NUKEG/CR-1861 (Issue Date: July 1981)
PCA Experiments and Blind Test - W. N. McElroy, Editor

This document provides the results of calculations and active and passive
physics-dosimetry measurements for the PCA 8/7 and 12/13 configurations X/Y:
water gaps (in cm) from the core edge to the thermal shield (X) and from the
thermal shield to the vessel wall (Y). The focus of the document is on an
international Blind Test of transport theory methods in LWR-PV applications
involving eleven laboratories, including reactor vendors.

NUREG/CR-3295
PSf Metal 1urgy - J. R. Hawthorne, Editor

Vol. 1 (Issue Date: April 1984)
Notch Ductility and Fracture Toughness Degradation of A302-B & A533-B Reference
Plate from PSF Simulated Surveillance and Through-Wall Irradiation Capsules

Beyond scope of title, this document supports the analysis of the PSF Blind
Test and provides as-built documentation and final PSF A302-B and A533-B
reference plate metallurgical results for SSC and SPVC.

Vol. 2 (Issue Date: April 1984)

Postirradiation Notch Ductility and Tensile Strength Determinations for PSF
Simulated Surveillance and Through-Wall Specimen Capsules

Beyond scope of title, this document supports the analysis of the PSF Blind
Test and provides as-built documentation and final PSF (NRC, EPRI, RR&A,
CEN/SCK, and KFA) steel metallurgical results generated by MEA for SSC and
SPVC.

NUREG/CR-3318 (Issue Date: September 1984, Revised September 1987)

PCA Dosimetry in Support of the PSF Physics-Dosimetry-Metallurgy Experiments
(4/12, 4/12 SSC configurations and update of 8/7 and 12/13 configurations) -

W. N. McElroy, Editor

Beyond scope of title, this document supports the analysis of the PSF Blind
Test and updates NUREG/CR-1861, "PCA Experiments and Blind Test," (Mc81).

NUREG/CR-3319 (Issue Date: August 1985, Revised April 1987)
LWR Power Reactor Surveillance Physics-Dosimetry Data Base Compendium -
W. N. McElroy, Editor

In loose-leaf form this document provides new or reevaluated exposure parameter
values [total, thermal, and fast (E > 1.0 MeV) fluences, dpa, etc.] for
individual surveillance capsules removed from operating PWR and BWR power
plants. As surveillance reports are reevaluated with FERRET-SAND, this docu-
ment should be revised. The corresponding metallurgical data base is provided
in the loose-leaf EPRI NP-2428 (Mc82c). A new (NRC) embrittlement data base
(EDB), tailored for use on the IBM-PC, and related trend curves are in
preparation by ORNL and HEDL.
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NUREG/CR-3220
PSF Physics-Dosimetry-Metall urgy Experiments:

Vol. 1 (Issue Date: July 1986)
PSF Experiments Summary and Blind Test Results - W. N. McElroy, Editor

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

participants' final report.

Vol. 2 (Issue Date: May 1987)
PSF Startup Experiment - W. N. McElroy and R. Gold, Editors

Beyond scope of title, this document will support analysis of the PSF Blind
Test and provides experimental conditions, as-built documentation, and final
PSF physics-dosimetry results for the startup experiment.

Vol. 3 (Issue Date: February 1987)
PSF Physics-Dosimetry Program - W. N. McElroy and R. Gold, Editors

Beyond scope of title, this document will support analysis of the PSF Experi-
ment and Blind Test and provides experimental conditions, as-built documenta-
tion, and final PSF physics-dosimetry results for SSC, SPVC and SVBC.

Vol. 4 (Issue Date: March 1987)
PSF Metallurgy Program - W. N. McElroy and R. Gold, Editors

Beyond scope of title, this document will support analysis of the PSF Experi-
ments and Blind Test and provides experimental conditions, as-built documenta-
tion, and final metallurgical data on measured property changes in different
PV steels for SSC-1 and -2 positions, and the (SPVC) simulated PV locations at
the O-T (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' neutron exposures
are "2 x 1019, *4 x 1019, "4 x 10I9,v2 x 1019, and "M x 1019 n/cm2, respec-
tively, for a 7550°F irradiation temperature. It will also contain and/or
reference available damage analysis results for SVBC using the Vol. 5 metal-
lurgical data base.

Vol. 5 (Issue Date: August 1986)
PSF Simulated Void Box Capsule (SVBC) Charpy and Tensile Metallurgical Test

Results - J. S. Perrin, Editor

Beyond scope of title, this document provides the experimental conditions, as-
built documentation, and final Charpy and tensile specimen measured property
changes in PV support structure and reference steels for the ex-vessel SVBC
simulated cavity (void box) for a neutron exposure on the order of 1016 n/cm2
(E > 1.0 MeV) for "95°F irradiation temperature. This estimate is based on
preliminary ORNL calculations, as yet unsubstantiated by measurements.
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TABLE S-I (Cont'd)

Vol. 6 (Issue Date; September 1987)
PSF Simulated Surveillance Capsule~TSSC) Results - CEN/SCK/MEA -
Ph. Van Asbroech, A. Fabry, and R. Hawthorne, Editors

This document, to be issued by CEN/SCK, will provide CEN/SCK/MEA metallurgical
data and results from the Mol, Belgium PV steel irradiated in the SSC position
for the ORR-PSF physics-dosimetry-metallurgy experiments.

NUREG/CR-3321 (Issue Date: September 1987)
Service Laboratory Procedure Verification and Surveillance Capsule Pertur-
bations - W. N. McElroy, R. Gold, and E. D. McGarry, Editors

This loose-leaf volume will provide results to certify the accuracy of service

laboratory procedures to determine exposure parameter and perturbation effects
for surveillance capsules removed from PWR and BWR power plants. It will also
contain and/or reference sensor benchmarking results related to the use of RM,
HAFM, SSTR, and DM monitors.

NUREG/CR-3323
VENUS PWR Core Source and Azimuthal Lead Factor Experiments and Calculational
Tests:

Vol. 1 (Issue Date: January 1987)
Clean (235U) Core Configuration - A. Fabry et al.. Editors

Vol. 2 (Issue Date: September 1987)
Burnt (235U and 239Pu) Core Configuration - A. Fabry et al., Editors

These two documents, to be prepared by CEN/SCK and other participants, will
provide VENUS-derived reference physics-dosimetry data on active, passive, and
calculational dosimetry studies involving CEN/SCK, HEDL, NBS, ORNL, and other
LWR program participants for a clean (23SU) and a burnt (235U + 239Pu) core
configuration.

NUREG/CR-3324
NESDIP PWR Cavity and Azimuthal Lead Factor Experiments and
Calculational Tests:

Vol. 1 (Issue Date: January 1984)

PCA Replica Experiments: Part | - Winfrith Measurements and Calculations -
J. Butler, Editor

Vol. 2 (Issue Date: July 1987)

PCA Replica Experiments: Part 1l - Further Analysis Including Measurements
by HEDL - J. Butler et al.. Editors

These two documents, to be prepared by Winfrith-RR&A and other participants,
will provide NESDIP-PCA replica-derived reference physics-dosimetry data on
active, passive, and calculational dosimetry studies involving Winfrith,
CEN/SCK, HEDL, NBS, and other LWR program participants.



TABLE S-1 (Cont'd)

Vol. 3 (Issue Date: December 1987)
NESTOR Dosimetry Improvement Programme (NESDIP): Radial Shield Experiments
- J. Butler et al., Editors

This document will provide NESDIP cavity-derived reference physics-dosimetry
data based on the Winfrith startup program and Winfrith and LWR-PV-SDIP

participants' calculational results for the ASPIS-PCA Slab Geometry
Benchmarks (29.4-cm cavity).

Vol. 4 (Issue Date: July 1988)
NESTOR Dosimetry Improvement Programme (NESDIP): 21-cm Cavity Benchmark
- J. Butler et al.. Editors

This document will provide NESDIP 21-centimeter cavity-derived reference
physics-dosimetry data on active, passive, and calculational dosimetry
studies involving Winfrith, HEDL, ORNL, and other LWR program participants.

Vol. 5 (Issue Date: September 1988)
NESTOR Dosimetry Improvement Programme (NESDIP): Nozzle and Coolant Duct
Benchmark - J. Butler et al.. Editors

This document will provide NESDIP nozzle and coolant duct derived reference
physics-dosimetry data on active, passive, and calculational dosimetry
studies by Winfrith.

Vol. 6 (Issue Date: April 1988)
NESTOR Dosimetry Improvement Programme (NESDIP): NESDIP Cavity Experiment

and Blind Test Results - J. Butler, W. N. McElroy, R. Gold, P. Miller, and
I. Curl, Editor(s) TBD
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A. VENUS NUCLEAR EMULSION MEASUREMENTS
Raymond Gold and C. C. Preston (HEDL) and J. H. Roberts (MC2)

Objective

Nuclear research emulsions (NREs) can be used to establish key absolute
neutron spectral data in the energy region above approximately 0.4 MeV. The

objective of this work is to obtain such NRE data for the VENUS PWR
benchmark.

Summary

Nuclear research emulsions (NREs) irradiations in the VENUS PWR benchmark
are described. Six VENUS NRE have been scanned in the integral mode.
Absolute proton-recoil reaction rates (l-integral and J-integral) results
from these six NRE are presented and compared to proton-recoil reaction
rates predicted by theory. It is difficult to interpret these comparisons
between theory and experiment because of the limited number of energy groups
(only 17) used in these neutron transport calculations. Nevertheless, these
comparsions do suggest that difficulties arise in the calculation of neutron
transport as one approaches the edge of the core corner.

Accomplishments and Status
1.0 Introduction

Neutron dosimetry plays a crucial role in understanding the limitations of
light water reactor pressure vessels (LWR-PVs). The energy dependence of
damage produced by neutrons in LWR-PV steel has been recognized for some
time now. However, inherent limitations prevent differential measurement of
neutron energy spectra in power reactor environments (Go77c). Integral
measurements that can be conducted in power reactors, such as with radio-
metric (RM), solid-state track recorder (SSTR), or helium accumulation
fluence monitor (HAFM) dosimeters, possess very limited energy resolution.
Of even greater significance is that neutron-induced radiation damage in
iron is non-negligible in the 0.1 MeV to 1.0 MeV energy region for these
LWR-PV environments. Unfortunately, these passive high power techniques
offer little coverage in this energy region. Hence, it is important to
develop techniques that extend the applicability and accuracy of these
integral methods.

It is possible to use nuclear research emulsions (NREs) to obtain both
differential and integral spectral information in part of the 0.1 MeV to
1.0 MeV energy region. Through proper selection and careful processing,
NREs can be used down to approximately 0.4 MeV. While NRE measurements have
been customarily carried out in the differential mode (Ro53,Ro57,Ro068), the
practical utility of integral NRE measurements has only recently been
recognized (Go81d,Go81e,Ro83b).

In the integral mode, NREs provide absolute integral reaction rates that can
be used in spectral and least-squares adjustment codes. In the past, such
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adjustment codes have not used integral reaction rates based on emulsions
(Cu79). The advantage of emulsion integral reaction rates is their tie to
the elastic scattering cross section of hydrogen. This on>p(E) cross
section is universally accepted as a standard cross section and is known to
an accuracy of roughly 1%. Hence, emulsion integral reaction rates add a
significant new dimension to the neutron dosimetry data base for the VENUS
PWR mockup.

2.0 Emulsion Irradiations in VENUS

VENUS emulsion irradiations were conducted in sequence from Run 83/04 through
Run 83/11 in early February 1983. The power-time history and run-to-run
monitoring data for these NRE irradiations have already been summarized in
Table 2.3.1 of NUREG/CR-3323, Vol. 1. Both Fuiji and llIford (L4) type emul-
sions were used. These emulsions were 200 y and 400 y thick, mounted on
glass backing. The 200 y and 400 y NRE of each type were exposed back-to-
back inside cylindrical cadmium boxes, 0.93 cm in diameter by 0.25 cm high
with 0.10 cm wall thickness. The locations used for the NREs in all these
irradiations are shown in Figure HEDL-1. Further details for each of these
NRE irradiations are given in Tables HEDL-1 through HEDL-8.

Irradiations 83/04 through 83/07 were used to obtain NRE exposures through-
out the range of available radial and azimuthal experimental locations in
VENUS. Irradiations 83/08 through 83/11 were used to investigate special
effects. To minimize the perturbation created by the cadmium-covered NRE,
all experimental tubes used for NRE exposures were completely backfilled
with either plexiglas® or steel. Plexiglass was used for the backfill
material in water locations and steel at all other locations (see

Tables HEDL-1 through HEDL-8).

Irradiations 83/08 and 83/09 were conducted to investigate the angular neu-
tron flux at locations V2 and V3, respectively. In earlier NRE exposures at
these locations, the emulsions were positioned horizontally, whereas for
irradiations 83/08 and 83/09, the NREs were aligned vertically. In contrast
with all other in-situ neutron spectrometry methods, NREs possess the unique
capability of detecting variations in angular neutron flux. In fact, NREs
were used to detect the angular anisotropy of the neutron flux in the fast
test reactor (FTR), which was the very first observation of angular
anisotropy in an in-core reactor neutron field (Go81,Ro81).

Irradiations 83/10 and 83/11 were carried out at locations V2 and V3, respec-
tively, to investigate the possible perturbation created by the presence of
the 1-in. spherical proportional counter when conducting (n,p) neutron spec-
trometry. Thereford, NREs were exposed in a dummy 1-in. proportional counter
at V2 and V3 for comparison with earlier NRE irradiations at these locations.
The creation of such perturbations by detectors of comparable size in LWR-PV
environments has already been confirmed. The NBS fission chamber creates a
perturbation that increases the threshold fission rates of both 238U and 237Np
by MM0% within the PV (Mc86c¢). The Janus probe, which is used for Y-ray
dosimetry and spectrometry, produces a perturbation that varies from *10% to
30%, depending on both location and LWR-PV configuration (Go84d).

®Plexiglas is a registered trademark of Rohm & Haas, Pelham Manor, NY.
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NOTE.

V2 RADIUS -« 56.513 CM

V3 RADIUS » 42 76* CM

(X.Y) ARE VENUS GRID COORDINATES
GRID PITCH = 1 2fl CM
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N

w
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(@]

2. 35 59.073 CM
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(-9.5. 9.5)
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WATER GAP I
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(-37. -2)
(-29. -2)

hIGURE HEDL-1. Overhead View of the VENUS PWR Engineering Benchmark Showing

Key Dimensions and the Available Locations for Experimental

Measurements. NRE were irradiated at the darkened experi-
mental locations.
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TABLE HEDL-1

NRE EXPOSED IN VENUS AT CORE CENTER AND INNER BAFFLE
FOR IRRADIATION 83/04

Location”3*

NRE
Cadmium (b) Axial
Box No. Type ID No. X, Y (cm) Backfil1
1 F-200 22 2.5, 2.5 -2.5 Plexiglas
F-400 24 V1)
2 1-200 17 2.525 +2.5 Plexiglas
1-400 20 V1)
3 F-200 23 -1,-1 -2.5 Steel
F-400 8
4 1-200 15 -1,-1 +2.5 Steel
1-400 15

(a)See Figure HEDL-1 for a general grientation.
113/F-200 and F-400 are Fuiji 200-n and 400-m thick emulsions; 1-200

,and 1-400 are IllIford 200-u and 400-y thick emulsions.
IwDistance above (+) and below (-) midplane.

TABLE HEDL-2

TIRE EXPOSED IN VENUS LOCATIONS V2 AND V3 FOR IRRADIATION 83/05

NRE Location @)
Cadmium (b) Axial
Box No. Type ID No. R,e (cm) Backfi1l1
5 F-200 21 56.5, 21° -2.5 Plexiglas
F-400 2 (V2)
6 1-200 12 56.5, 21° +2.5 Plexiglas
1-400 9 V2)
7 F-200 16 62.7,21° -2.5 Steel
F-400 15 (V3)
8 1-200 7 62.7,21° +2.5 Steel
1-400 2 (V3)

(a) See Figure HEDL-1 for a general orientation.
(b) F-200 and F-400 are Fuiji 200-u and 400-n thick emulsions; 1-200

and 1-400 are IllIford 200-w and 400-n thick emulsions.
(c) Distance above (+) and below (-) midplane.
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TABLE HEDL-3

NRE EXPOSED IN VENUS AT THE CORE BARREL AND LOCATION V2
FOR IRRADIATION 83/06

NRE Location”
Cadmium (b) Axial(cj
Box No. Type ID No. X, Y (cm) Backfill
9 F-200 13 -35,-12 -2.5 Steel
F-400 6
10 1-200 8 -35,-12 +2.5 Steel
1-400 6
11 F-200 1 -37.,-5 -2.5 Steel
F-400 14
12 1-200 1 -37,-5 +2.5 Steel
1-400 17
13 F-200 10 -33,-17 -2.5 Steel
F-400 3
14 1-200 9 -33,-17 +2.5 Steel
1-400 13
15 F-200 14 -28,-24 -2.5 Steel
F-400 10
16 1-200 2 -28,-24 +2.5 Steel
1-400 16
17 F-200 4 -26,-26 -2.5 Steel
F-400 11
18 1-200 4 -26,-26 +2.5 Steel
1-400 18
19 F-200 3 -31,-20 -2.5 Steel
F-400 12
20 1-200 18 -31,-20 +2.5 Steel
1-400 5
21 F-200 18 R=55.2,9=21° -2.5 Plexiglas
F-400 13 (V2)
22 1-200 13 R=55.2,9=21° +2.5 Plexiglas
1-400 4 (V2)

5a)See Figure HEDL-1 . .
for a general orientation.
F-200 and F-400 are Fuiji 200-p and 400-p thick emulsions; 1-200

and 1-400 are liIford 200-p and 400-u thick emulsions.
*c'Distance above (+) and below (-) midplane.

HEDL-6



TABLE HEDL-4

NRE EXPOSED IN VENUS AT THE OUTER BAFFLE
FOR IRRADIATION 83/07

NRE Location”
Cadmium (b) Axialn
Box No. Type ID No. XY (cm) Backfil1
23 F-200 20 -29,-7 -2.5 Steel
F-400 17
24 1-200 5 -29,-7 +2.5 Steel
1-400 11
1 F-200 17 -29,-12 -2.5 Steel
F-400 25
2 1-200 10 -29,-12 +2.5 Steel
1-400 3
3 F-200 15 -17,-14 -2.5 Steel
F-400 5
4 1-200 1 -17,-14 +2.5 Steel
1-400 14

(a)See Figure HEDL-{ for a general orientation,
(b)F-200 and F-400 4.¢ Fuiji 200-u and 400-u thick emuilsions; 1-200

and 1-400 are llIford 200-u and 400-u thick emulsions.
("Distance above (+) and below (-) midplane.

TABLE HEDL-5

NRE EXPOSED IN VENUS AT LOCATION V2 FOR IRRADIATION 83/08(a)

. (b)
NRE Location
Cadmium (c) Axial
Box No. Type ID No. R,e (cm) Backfi11
5 F-200 9 56.5,21° -2.5 Plexiglas
F-400 26 (V2)
6 1-200 6 58,;_21 ° +2.5 Plexiglas
1-400 1 !

(a)Angular flux measurement in V2; NRE aligned vertically facing core center.
|b|See Figure HEDL-1 for a general orientation.
(c)F-200 and F-400 are Fuiji 200-u and 400-u thick emulsions; 1-200

and 1-400 are IllIford 200-u and 400-u thick emulsions.
("Distance above (+) and below (-) midplane.
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TABLE HEDL-6

NRE EXPOSED IN VENUS AT LOCATION V3 FOR IRRADIATION 83/09(a)

(b)

NRE Location
Cadmium (c) Axial
Box No. Type ID ! R,0 (cm) Backfi11
7 F-200 2 62.7,21° -2.5 Steel
F-400 23 (V3)
8 1-200 14 62.7,21° +2.5 Steel
1-400 7 (V3)

(a)Angular flux measurement in V3; NRE aligned vertically facing core

center.
(b'See Figure HEDL-1 for a general orientation.

(c'F-200 and F-400 are Fuiji 200-p and 400-p thick emulsions; 1-200

and 1-400 are liIford 200-p and 400-p thick emulsions.
(d)Distance in centimeters above (+) and below (-) midplane.

TABLE HEDL-7

NRE EXPOSED IN VENUS AT LOCATION V2 FOrR 'RRADIATION 83/lo(a)

(b)

NRE Location
Cadmium (c) Axial
Box No. Type ID No. R.e (cm) Backfil1
9 1-200 3 56.5,21° -2.5 Plexiglas
1-400 8 V2)

("Proportional counter perturbation measurement at V2; NRE aligned

vertically facin? core center inside spherical proportional counter shell.
(b'See Figure HEDL-1 for a general orientation.

(c)F-200 and F-400 are Fuiji 200-p and 400-p thick emulsions; 1-200 and

1-400 are lIford 200-p and 400-p thick emulsions.
(c'Distance above (+) and below (-) midplane.
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TABLE HEDL-8
NRE EXPOSED IN VENUS AT LOCATION V3 FOR IRRADIATION 83/1 1U)

Location”

NRE
Cadmium (c) Axial
Box No. Type ID No. R,e (cm) Backfill
10 1-200 20 62.7,21° -2.5 Steel
1-400 (V3)

(a)Proportional counter perturbation measurement at V3; NRE aligned

vertically facin% core center inside spherical proportional counter shell.
|"'See Figure HEDL-1 for a general orientation.

(c)F-200 and F-400 are Fuiji 200-m and 400-u thick emulsions; 1-200

and 1-400 are Illford 200-u and 400-u thick emulsions.
(M Distance above (+) and below (-) midplane.

On this basis, one can anticipate that proportional counters used in (n,p)
neutron spectrometry also create measurable perturbations. Hence, it is
important to quantify such perturbations and to determine their effect upon
neutron spectrometry.

3.0 Experimental Method

All VENUS NREs have been processed and possess acceptable clarity, contrast
and track density for scanning on the HEDL interactive computer-based
Emulsion Scanning Processor (ESP) system (Go83). Comparison of the Fuiji
and llford emulsions revealed comparable quality. Hence, it was decided

that only the IllIford emulsions should be scanned in view of extensive
earlier work conducted to characterize IlIford NRE (Ba63,Ro57,Ro068).

Scanning on the ESP system has been performed in the integral mode, which
provides two different integral (n,p) reaction rates. The first integral
measurement follows directly the integral relation between the neutron
spectrum and the observed proton spectrum. This relation can be written in
the form

n EH(E)dC
M(Et) = np S () 1)
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where

4>(E Neutron flux (neutrons/cm2/MeV/s)
t = Exposure time (s)
E = Neutron or proton energy (MeV)
Atomic hydrogen density (emulsion in atoms/cm3)
Proton spectrum (proton tracks/MeV/cm3) observed in the

emulsion at energy E;j.

~
"

The integral in Eq. (1) can be defined as
1(EL) = *(£) dE )

Here I(Ey) possesses units of protons/(MeV-s)/hydrogen atom. Clearly

I(Ej) is a function of the lower proton energy cutoff (Ej) used to

analyze the emulsion data. Using Eq. (2) in Eq. (1), one finds the integral
relation:

M(ET)
1(EY) = (3)

1(Ey) is evaluated by using a least-squares fit of the NRE scanning data
in the neighborhood of E = Ey. Alternatively, since:

MEL) = MRE) ™~ (4)

where dR/dE is known from the proton range-energy relation in emulsions, one
need only determine M(Ry) in the neighborhood of R = Ry . Here M(R) is the
proton-recoil range distribution in units of proton-recoil tracks/ym/cmj
observed in the emulsion. Consequently, scanning efforts can be concentrated
in the neighborhood of R = Ry in order to determine I(Ey). In this manner,
the accuracy attained in I(Ey) is comparable to the accuracy of the
differential determination of 4>(E), as derived from Eq. (1), but with a
significantly reduced scanning effort.

The second integral can be obtained by integration of the observed proton
spectrum M(Ey). From Eq. (1), one has

00 0o

M(Et) dET = (n + t) J dE- E/T Ineﬂiil *(£) db> )
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where E”*-jp is the lower proton energy cutoff used to analyze the emulsion
data. Introducing into Eq. (5) the definitions:

“(VWV = /°“M<ET> dET ’ (&
min
and
‘np (E) .
min' E (E) dE )
one has
JE i) (8)

Hence, the second integral relation, namely Eq. (8), can be expressed in a
form analyogous to the first integral relation, namely Eq. (3). Here,
A(Emin) t*16 integral number of proton-recoil tracks/cmi observed above an
energy E,N in the emulsion. Consequently, the integral J(Emjn) possesses
units of tracks/s/hydrogen atom.

The integral J(Em-jn) can be reduced to the form

JEmin) = F VU) #(E) dE . (9)

Emin

In addition, by using Eq. (4), the observable u(Em-jn) can be expressed in
the form

M(Emin) = M(R) dR . (10)

Hence, to determine the second integral relationship, one need only count
proton-recoil tracks above R = Rmin* Tracks considerably longer than R™
need not be measured, but simply counted. However, for tracks in the neigh-
borhood of R = Rm-jn, track length must be measured so that an accurate
lower bound R”r, can be effectively determined.

It is of interest to compare the differential energy responses available

from these two integral relations. From Egs. (2) and (9), one finds
responses of the form anp(E)E and (1 - Em-jn/EjonptE) for the first and
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second integral relations, respectively. [Note that the integrals I(Ey) and
J(Emin) possess different units, namely protons/MeV-s and protons/s, respec-
tively.] Here, the hydrogen scattering cross section an D(E) is given by
(Ba73,Gab1)

\/P'e = 31 1206 E +  w1.860 + 0.0941491 E_

-1
+ 0.000130658 E_ 1.206 E (ID

+ 0.4223 + 0.1300 En

where; E is in MeV and (Injp is in barns.

These two responses are compared in Figure HEDL-2 using a common cutoff of

0.5 MeV for both Ey and Emjn. Since these two responses are substantially
different, simultaneous application of these two integral relations is not

only possible, but highly advantageous.

Sources of systematic uncertainty for absolute neutron dosimetry with NREs
are summarized in Table HEDL-9. Since these sources of uncertainty are
essentially independent, the quadrature uncertainty for all systematic
effects comes to roughly 5%. It should be stressed that Table HEDL-9 does
not include uncertainties arising from the in-situ irradiation, such as
exist in exposure time t as well as in absolute power level.

Uncertainties in the absolute reaction rates I(Ey) and J(Emi-p) follow from
Egs. (3) and (8), respectively. The relative variances for these absolute

reaction rates are given by

4.0 Experimental Results

To date, six NREs exposed in the VENUS PWR mockup have been scanned in the
integral mode on the ESP system. Table HEDL-10 summarizes irradiation and
location information for these six NRE. All six NREs were the liIford L-4
type emulsion, 400 u thick. Approximately 103 proton-recoi! tracks have

been observed in each of these NREs. To illustrate the quality of these data.
Figures HEDL-3 and -4 show the I-integral and J-integral track data, respec-
tively, for the NREs exposed at' the VI location in Venus irradiation 83/04.
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NEUTRON ENERGY IN MeV

HEDL 8606-176.12

FIGURE HEDL-2. Response Factors for the Integral Reaction Rates I(Ej)
and J(Em-jn). I(Ej) possesses units of barns/MeV and
J(Emin) possesses units of barns.

TABLE HEDL-9

UNCERTAINTY ESTIMATES FOR ABSOLUTE NEUTRON SPECTROMETRY WITH
NUCLEAR RESEARCH EMULSIONS

Approximate Relative

Source of Uncertainty Uncertainty (1a)
Proton range straggling 2%
Proton energy based on range-energy relation 2%
Range measurements 2%
Volume of emulsion scanned 2%
Hydrogen density in the emulsion 3%
Hydrogen cfn (E) cross section 1%
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I-integral and J-integral proton-recoil reaction rates obtained from the
scanning data for these six NRE are summarized in Tables HEDL-11 through
HEDL-16. A set of neutron energy thresholds was used to obtain I-integral
results from the proton-recoi! scanning data. A set of J-integral results
was obtained by analyzing the same proton-recoi! scanning data, except that
the set of neutron energy thresholds was different than the set used for the
I-integral results.

The experimental uncertainty given for the J-integral results is "6% at
the la level. The la uncertainty for the I-integral results is larger
and varies from to 10%. The uncertainties reported here include
systematic uncertainties in the NRE method (see Table HEDL-9), statistical
uncertainties that arise in track scanning and the la uncertainty in
scaling results to the reference run.

These experimental results have been compared with CEN/SCK 17-group neutron
energy spectra calculations (Fa87)*. To make comparisons with NRE results
scaled to the reference run, CEN/SCK-calculated neutron spectra were also
scaled to the reference run with a multiplicative scale factor of
2.00673E+14. The FERRET-SAND computer code (Be67b,Sc79) was used to cal-
culate the I-integral and J-integral proton recoil reaction rates. Group
cross sections were constructed to carry out the integration in the FERRET-
SAND Il code. For energy groups above the threshold, the group-averaged
cross section for the Il-integral is given by

where E] and E2 are the energy boundaries of group i and anp is the hydrogen
(n,p) scattering cross section, which has already been given in Eq. (11).

The I-integral is then calculated by summing ai<t>j over all groups (similar
to the other reaction rates). Integration (summation) is carried out using
the SAND 1l 620-group structure. The corresponding J-integral group averaged
cross section is

where E-* is the energy threshold. For groups below the threshold, aj = 0
and for the group including the threshold a suitable interpolation is used.

*A. Fabry, W. N. McElroy and E. D. McGarry, eds., LWR-PV-SDIP: VENUS PWR
Core Source and Azimuthal Lead Factor Experiments and Calculational Tests,
NUREG/CR-3323, NRC, Washington, DC, (to be published).
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TABLE HEDL-10

VENUS NRE INTEGRAL MODE SCANNING STATUS

VENUS Irradiation NRE Location Observed Tracks

83/04 VI 947
(X=2.5,Y=2.5)

83/05 V3 1074
(R=62.7,e=21 °)

83/06 Barrel 1085
(X=-35,Y=-12)

83/06 Barrel 996
(X=-28,Y=-24)

83/07 Outer Baffle 1017
(X=-17,Y=-14)

83/07 Outer Baffle 1004
(X=-29,Y=-12)

Calculated and observed proton-recoil reaction rates are compared by location
in Tables HEDL-17 through HEDL-22. Calculated-to-experimental (C/E) ratios
range from a low of 'vO.Q to a high of approximately 1.7. At each location,
the C/E values for the J-integral are generally closer to unity than the C/E
values for the I-integral. At two locations, the agreement between theory
and experiment is good, namely for the I- and J-integral comparisons at
location VI as well as for the J-integral comparisons in the barrel at 41°.
At other locations agreement is marginal, such as at location V3 as well as
in the outer baffle at 42°. Finally, disagreement clearly exists at the 21°
location in the barrel at the 24° location in the outer baffle.

A pattern emerges from these comparisons that implies that the deviation of
the C/E ratio from unity increases the closer one comes to the edge of the
core corner at approximately 28°. There is acceptable agreement at both
core center (VI) and in the neutron pad (V3), which are both far from the
edge of the core corner. The agreement is marginal at 41° in the barrel and
at 42° in the outer baffle, which both lie closer to the edge of the core
corner. At the closest positions to the edge of the core corner, namely at
21° in the barrel and at 24° in the outer baffle, there is evident
disagreement.

This behavior pattern suggests that difficulty arises in the calculational
treatment of neutron transport near the edge of the core corner. The

limited structure of these 17-group calculations may also contribute to the
differences observed between theory and experiment. In particular. Group 8
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FIGURE HEDL-3

FIGURE HEDL-4.
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. I-Integral Proton-Recoil Track Data Obtained from Integral
Mode Scanning of the NRE Exposed at Location VI During VENUS

Irradiation 83/04 and Normalized to the VENUS Reference Run.
(See Table HEDL-1.)
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J-Integral Proton-Recoil Track Data Obtained from Integral
Mode Scanning of the NRE Exposed at Location VI During VENUS

Irradiation 83/04 and Normalized to the VENUS Reference Run.
(See Table HEDL-1.)
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TABLE HEDL-II

PROTON-RECOIL REACTION RATES FOR NRE EXPOSED
IN VENUS AT LOCATION VI FOR IRRADIATION 83/04

Neutron Energy Observed Reaction Rate Scaled Total (%)
. (c) Uncertainty”®
(MeV) Reaction Rate to Reference Run

(@)  0.4467 2.977E-16 4.381E-15 8.7

I 0.5198 2.713E-16 3.993E-15 7.3

| 0.5877 2.407E-16 3.542E-15 71

| 0.6515 2.085E-16 3.068E-15 8.2

| 0.7119 1.767E-16 2.601E-15 9.3
i(b)  0.4073 1.784E-16 2.626E-15 5.8

J 0.4837 1.557E-16 2.291E-15 5.9

J 0.5540 1.366E-16 2.011E-15 6.0

J 0.6197 1.208E-16 1.778E-15 6.1

(a)Units of protons/(MeV»s).
(b|Units of protons/s.

(c'Scale factor obtained from Run 83/04 of Table HEDL-2.3.1

Vol. 1) is 14.72.
(d'Total uncertainty is given at the lo level.

(NUREG/CR-3323,

TABLE HEDL-12

PROTON-RECOIL REACTION RATES FOR NRE EXPOSED
IN VENUS AT LOCATION V3 FOR IRRADIATION 83/05

Neutron Energy Observed Reaction Rate Scaled Total (%)
c . (d)

(MeV) Reaction Rate to Reference Run( ) Uncertainty
(@)  0.4467 1.927E-16 3.785E-17 8.1
| 0.5198 1.765E-16 3.466E-17 6.7
| 0.5877 1.553E-16 3.051E-17 6.7
| 0.6515 1.305E-16 2.564E-17 7.6
| 0.7119 1.031E-16 2.025E-17 8.6
i®)  0.4073 1.009E-16 1.982E-17 5.7
J 0.4837 8.624E-17 1.694E-17 5.8
J 0.5540 7 .382E-17 1.450E-17 59
J 0.6197 6.364E-17 1.250E-17 6.0

(a)Units of protons/(MeV«s).
Yb{Units of protons/s.

Ac'Scale factor obtained from Run 83/05 of Table HEDL-2.3.1

(NUREG/CR-3323,

Vol. 1) is 0.1964.
(d'Total uncertainty is given at the la level.
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VENUS BARREL AT 21°,

Neutron Energy

(MeV)

(@)  0.4467
[ 0.5198
| 0.5877
| 0.6515
| 0.7119

i(b)  0.4073

J 0.4837
J 0.5540
J 0.6197

Observed

Reaction Rate

2.050E-16
1.575E-16
1.213E-16
9.674E-17
8.178E-17

9.688E-17
8.123E-17
7.015E-17
6.219E-17

(alUnits of protons/(MeV™s).
(M)Units of protons/s.

(c)Scale factor obtained from Run 83/06 4f Table HEDL-2.3.1
Vol. 1) is 1.444.

TABLE HEDL-13

(d/Total uncertainty is given at the la qgyel.

VENUS BARREL AT 41°,

Neutron Energy
(MeV)

(@) 0.4467
| 0.5198
| 0.5877
| 0.6515
| 0.7119

i(B) 04073

J 0.4837
J 0.5540
J 0.6197

Observed

Reaction Rate

9.404E-17
8.455E-17
7.430E-17
6.416E-17
5.499E-17

6.344E-17
5.628E-17
5.034E-17
4 .545E-17

(a|Units of protons/(MeV*s).
(blUnits of protons/s.

(c)Scale factor obtained from Run 83/06 of Table HEDL-2.3.1 (NUREG/CR-:
LjXVol. 1) is 1.444.

TABLE HEDL-14

(d)Total ncertainty is given at the la level.

HEDL-18

PROTON-RECOIL REACTION RATES FOR NRE EXPOSED IN

(X=-35,Y=-12) FOR IRRADIATION 83/06

PROTON-RECOIL REACTION RATES FOR NRE EXPOSED IN

Reaction Rate Scaled Total [%)
H N\
to Reference Run(c) Uncertainty
2.961E-16 8.3
2.275E-16 71
1.752E-16 8.6
1.397E-16 9.4
1.181E-16 9.5
1.399E-16 5.6
1.173E-16 5.8
1.013E-16 59
8.981E-17 5.9
(NUREG/CR-3323
(X=-28,Y=-24) FOR IRRADIATION 83/07
Reaction Rate Scaled Total
Run ) L ,(d)
to Reference Uncertaii
1.358E-16 8.9
1.221E-16 7.4
1 .073E-16 7.0
9.266E-17 7.9
7.941E-17 9.1
9.162E-17 5.8
8.127E-17 5.8
7 .269E-17 5.9
6.564E-17 6.0



TABLE HEDL-15

PROTON-RECOIL REACTION RATES FOR NRE EXPOSED
IN VENUS OUTER BAFFLE AT 42°, (X=-17,Y=-14) FOR IRRADIATION 83/07

Neutron Energy Observed Reaction Rate Scaled Total (%)
(MeV) Reaction Rate to Reference Run(c) Uncertainty

IU)  0.4467 6.964E-16 3.843E-15 8.4

| 0.5198 6.389E-16 3.526E-15 7.0

| 0.5877 5.711E-16 3.152E-15 6.8

| 0.6515 4.990E-16 2.754E-15 7.5

| 0.7119 4 .269E-16 2.356E-15 8.4

i(d)  0.4073 4.133E-16 2.281E-I5 5.8

J 0.4837 3.602E-16 1.988E-15 5.9

J 0.5540 3.153E-16 1.740E-15 6.0

J 0.6197 2.778E-16 1.533E-15 6.1

(a)Units of protons/(MeV*s).
(bJUnits of protons/s.
(c'Scale factor obtained from Run 83/07 of Table HEDL-2.3.1

Vol. 1) is 5.519.
(d*"Total uncertainty is given at the la

(NUREG/CR-3323,

level.

TABLE HEDL-16

PROTON-RECOIL REACTION RATES FOR THE NRE EXPOSED
IN VENUS OUTER BAFFLE AT 24°, (X=-29,Y=-12) FOR IRRADIATION 83/07

Neutron Energy Observed Reaction Rate Scaled Total (%)
(MeV) Reaction Rate to Reference Run(C)’ Uncertainty (d)

(@) 0.4467 2.843E-16 1.569E-15 8.4

| 0.5198 1.830E-16 1.010E-15 84

| 0.5877 1.406E-16 7.759E-16 8.9

| 0.6515 1.264E-16 6.978E-16 8.9

| 0.7119 1.149E-16 6.343E-16 10.0
i®) 04073 1.085E-16 5.986E-16 5.8

J 0.4837 8.678E-17 4.789E-16 5.9

J 0.5540 7.391E-17 4.079E-16 6.0

J 0.6197 6.469E-17 3.570E-16 6.1

(a)Units of protons/(MeV»s).
(b)Units of protons/s.

(c)Scale factor obtained from Run 83/07 of Table HEDL-2.3.1

Vol.
(d)iotal

1)

uncertainty is given at the la

is 5.519.

level.
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TABLE HEDL-17

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECOIL REACTION
RATES IN VENUS AT LOCATION VI(a)

Neutron Energy

(MeV) Calculation Experiment C/E
I(b)  0.4467 5.72E-15 4.38E-15 1.30
I 0.5198 4.50E-15 3.99E-15 1.13
| 0.5877 3.65E-15 3.54E-15 1.03
| 0.6515 3.15E-15 3.07E-15 1.03
| 0.7119 2.72E-15 2.60E-15 1.05
ji(c)  o0.4073 2.74E-15 2.63E-15 1.04
J 0.4837 2.33E-15 2.29E-15 1.02
J 0.5540 2.03E-15 2.01E-15 1.01
J 0.6197 1.80E-15 1.78E-15 1.01

(a) Reference run irradiation conditions apply.
(b) Units of protons/(MeV»s).
(wUnits of protons/s.

TABLE HEDL-18

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECOIL REACTION
RATES IN VENUS AT LOCATION V3U)

Neutron Energy

(MeV) Calculation Experiment C/E
I(B)  0.4467 4.56E-17 3.79E-17 1.20
| 0.5198 3.47E-17 3.47E-17 1.00
| 0.5877 2.70E-17 3.05E-17 0.89
| 0.6515 2.28E-17 2.56E-17 0.89
I 0.7119 1.92E-17 2.03E-17 0.94
i(c) o0.4073 1.86E-17 1.98E-17 0.94
J 0.4837 1.54E-17 1.69E-17 0.91
J 0.5540 1.31E-17 1.45E-17 0.90
J 0.6197 1.14E-17 1.25E-17 0.91

(ajReference run irradiation conditions apply.
(b'Units of protons/(MeV*s).
(C/Units of protons/s.
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TABLE HEDL-19

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECO][L REACTION
RATES IN VENUS BARREL AT 21°, X=-35,Y=-12"2

Neutron Energy

(MeV) Calculation Experiment C/E
I(b)  0.4467 4.62E-16 2.96E-16 1.56
[ 0.5198 3.52E-16 2.28E-16 1.54
| 0.5877 2.77E-16 1.75E-16 1.58
| 0.6515 2.36E-16 1.40E-16 1.68
| 0.7119 2.01E-16 1.18E-16 1.70
ie)  o.4073 1.96E-16 1.40E-16 1.40
J 0.4837 1.64E-16 1.17E-16 1.40
J 0.5540 1.40E-16 1.01E-16 1.39
J 0.6197 1.22E-16 8.98E-17 1.36

(a) Reference run irradiation conditions apply.
(b) Units of protons/(MeV»s).
(c) units of protons/s.

TABLE HEDL-20

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECOIL REACTION
RATES IN VENUS BARREL AT 41°, X=-28,Y=-24la)

Neutron Energy

(MeV) Calculation Experiment C/E
I(b)  0.4467 2.15E-16 1.36E-16 1.58
| 0.5198 1.66E-16 1.22E-16 1.36
| 0.5877 1.32E-16 1.07E-16 1.24
[ 0.6515 1.13E-16 9.27E-17 1.22
[ 0.7119 9.72E-17 7.94E-17 1.22
ie)  o.4073 9.72E-17 9.16E-17 1.06
J 0.4837 8.21E-17 8.13E-17 1.01
J 0.5540 7.10E-17 7.27E-17 0.98
J 0.6197 6.26E-17 6.56E-17 0.96

(a) Reference run irradiation conditions apply.
(b) Units of protons/(MeV»s).
(c) Units of protons/s.
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TABLE HEDL-21

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECOIL REAC)TION

RATES IN THE VENUS OUTER BAFFLE AT 42°, X=-17,Y=-14U

Neutron Energy

(MeV) Calculation
I(b)  0.4467 6.28E-15
| 0.5198 4.89E-15
| 0.5877 3.89E-15
| 0.6515 3.34E-15
| 0.7119 2.85E-15
i(e)  0.4073 2.78E-15
J 0.4837 2.33E-15
J 0.5540 2.01E-15
J 0.6197 1.76E-15

("Reference run irradiation conditions apply,

(b'Units of protons/(MeV*s).
(cJUnits of protons/s.

TABLE HEDL-22

Experiment

3.84E-15
3.53E-15
3.15E-15
2.75E-15
2.36E-15

2.28E-15
1.99E-15
1.74E-15
1.53E-15

C/E

1.64
1.38
1.23
1.21
1.21

COMPARISON OF CALCULATED AND OBSERVED PROTON-RECOIL REAC)’ION

RATES IN THE VENUS OUTER BAFFLE AT 24°, X=-29,Y=-12(a

Neutron Energy

(MeV) Calculation
I(b)  0.4467 1.98E-15
| 0.5198 1.53E-15
| 0.5877 1.22E-15
| 0.6515 1.04E-15
| 0.7119 8.88E-16
ie)  0.4073 8.68E-16
J 0.4837 7.25E-16
J 0.5540 6.24E-16
J 0.6197 5.46E-16

(ajReference run irradiation conditions apply.

(NMUnits of protons/(MeV™s).
(c)Units of protons/s.

HEDL-22

Experiment

1.57E-15
1.01E-15
7.76E-16
6.98E-16
6.34E-16

5.99E-16
4.79E-16
4.08E-16
3.57E-16



in these calculations covers the neutron energy range from 407.6 keV up to
742.7 keV, which corresponds to the entire range of threshold energies used
to analyze the NRE proton-recoil data. In contrast, the neutron energy reso-
lution available from NRE varies from roughly 80 keV down to 50 keV (FWHM),

with increasing neutron energy in the region from 0.4 MeV up to 1.0 MeV.

In this regard. Table HEDL-23 summarizes the NRE-observed low energy-to-high
energy |- and J-reaction rate ratios by location. The Il-reaction rate ratio
varies from roughly 1.6 up to 2.5, whereas the J-reaction rate ratio varies
from about 1.4 up to 1.7. Given these observed variations, calculations
using a single energy group to cover the energy range of these observations
do not treat the physical processes of neutron transport in sufficient detail
to generate a definitive comparison between theory and experiment. Under
these conditions, the resulting C/E ratios are probably as good as one has
any right to expect.

TABLE HEDL-23

PROTON-RECOIL REACTION RATE RATIOS

Location 1(0.4467)/1(0.7119) J(0.4073)/J(0.6197)
W 1.68 1.48
V3 1.87 1.59
Barrel 21° 2.50 1.56
Barrel 41° 1.71 1.40
Outer Baffle 24° 2.47 1.68
Outer Baffle 42° 1.63 1.49

Conclusions

The agreement between calculations and NRE observed absolute proton-recoil
reaction rates depends sensitively on location in the VENUS PWR mockup.
Adequate agreement is attained near the center of the core. However, as one
approaches the edge of the core corner at *28° (see Figure HEDL-1), the
agreement deteriorates. Comparisons between theory and experiment are
limited by the broad energy resolution of the 17-energy group structure used

in the calculations.
Expected Future Accomplishments
In future C-to-E comparisons of NRE proton-recoil reaction rates observed in

the VENUS PWR benchmark, the effect of a finer energy group structure in the
calculations will be investigated. Additional NRE irradiated in VENUS wvill
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be scanned. In particular, proportional counter perturbation effects will

be investigated by scanning NRE from VENUS irradiations 83/08 through 83/11
(see Tables HEDL-5 through HEDL-8).
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B. EVALUATION OF NEUTRON EXPOSURE CONDITIONS FOR THE BUFFALO REACTOR
E. P. Lippincott*, L. S. Kellogg, W. Y. Matsumoto, and W. N. McElroy
(HEDL) and C. A. Baldwin (ORNL)

Objective

The objective of this work is to provide an evaluation of neutron exposure
conditions for in-core metallurgical irradiations in the Buffalo Reactor
using a combination of calculational and measurement techniques.

Summary

A calculation was performed using a neutron transport theory to evaluate the
neutron flux-spectrum within the Buffalo Reactor core region. In addition,
a dosimetry irradiation was carried out under carefully controlled condi-
tions using a mockup of an actual metallurgical assembly. Comparisons of
the calculation and measurements indicate good agreement, and the combina-
tion of the two can be used to determine exposure parameter values to
accuracies of 10% to 15%. Systematic differences between measurement and
calculation, however, indicate the importance of continued dosimetry
measurements for accurate flux-fluence evaluation.

Accomplishments and Status
1.0 Introduction

The light water test reactor at the Nuclear Science and Technology Facility
of the State University of New York at Buffalo is currently being used to
irradiate specimens in in-core positions for NRC-sponsored metallurgical
tests. It is important that the neutron exposures for these Buffalo tests
be consistent with those determined for related irradiations in the Bulk
Shielding Reactor (BSR) and the Oak Ridge Reactor (ORR) at the Oak Ridge
National Laboratory (ORNL). Therefore, a dosimetry irradiation, using
Hanford Engineering Development Laboratory (HEDL) National Reactor Dosimetry
Center (NRDC) dosimetry procedures, and a neutronics calculation, using ORNL
calculational procedures, were combined for an evaluation of a typical test
condition. Results from this test serve both to accurately characterize the
irradiation configuration at the time and to provide a benchmark for an
improved basis for analysis of dosimetry measurements in future irradiations.

Although previous calculations and measurements have been made for the

Buffalo metallurgical positions, the work reported here was performed with a
new measurement block that was positioned as accurately as tolerances would

¢Current address: Westinghouse-Nuclear Technology Division (W-NTD),
P.0. Box 355, Pittsburgh, PA.
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allow so that all water gaps would be precisely defined. In addition, the
calculational model was based on the reactor conditions recorded at the time
of the dosimetry irradiation, including, in so far as possible, all out-of-
core structures, in-core experimental locations, and control rod positions.

2.0 Description of Experiment
2.1 Buffalo Reactor Description

The reactor consists of a 6 x 6 array of elements (Figure HEDL-5). Of these
elements, 30 are fuel, each containing 25 pins of 6% enriched uranium. The
fuel assemblies each initially contained about 14 kg of UO=2. The burnup

in MWd/tonne U of each fuel assembly is indicated in Figure HEDL-5 (as of
3/31/83). The assemblies are positioned by an aluminum grid plate 5 in.
thick located 3.75 in. below the fuel.

The fuel elements are constructed such that the centerline of the element
tube that fits into the grid plate is off center. This permits the ele-
ments to be positioned such that thereis a 1/2-in. water gap for the
control rod shroud and blade to fit between Columns 2 and 3 and Columns 4
and 5.

A control rod shroud is made of two U-shaped aluminum channels that extend
from the grid plate to several feet above the top of the core. The control
blade moves between the shroud and hasa stroke of 26 in. When the rod is
fully inserted, its tip is 1 in. below the fuel; when therod is fully

retracted, the tip is ! in. above the fuel. For the dosimetry irradiation.
Rods 1, 2, 3 and 5 were 93% withdrawn (tip of the blade 0.82 in. below the
top of the fuel). Rod 4 was 91.82% withdrawn (1.13 in. below the top of
fuel), and Rod 6 (pulse rod) was completely out of the core (1.86 in. above
the top of fuel). The blade is maoce of 80% silver, 15% indium, and 5%

cadmium and is coated with a 0.003 in. thickness of nickel. The blade
dimensions are 4.85 in. x 0.180 in. x 29 in.

The six core locations that do not contain fuel contain the startup source
and various experiment locations. Four of these locations are shown as
blanks in Figure 1 and consisted mostly of water at the time of the
dosimetry irradiation.

The region surrounding the core is mostly water, which was at an average
temperature of 116°F in the pool. The core outlet temperature was 127°F.
Below the core is the A1 grid plate and zircaloy elements; above the core
are zircaloy and aluminum components plus the withdrawn control rod blades.
Surrounding the core are several experimental tubes filled with water. Next

to face A are three steel metallurgical experiments located 2-7/8 in. from
the core face.

2.2 Description of Dosimetry Measurement
Two locations in the reactor are used for metallurgical irradiations, namely
B-4 and C-2. The dosimetry irradiation was carried out in B-4 and lasted 48

hours. It was immediately adjacent in time to a metallurgical irradiation
in the same location for which accurate fluence data were desired.
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The metallurgical experiment was irradiated in an ABC block, which consists

of three separate steel sections as shown in Figure HEDL-6. Note that the
top two sections (A and B) are smaller and have a water gap on one side to
allow instrument tubes to carry thermocouple leads from the experiment.

The dosimetry pin was irradiated in a dummy ABC block with a hole down the
center to contain the pin. The pin contained three cadmium-covered
dosimetry spectral sets (S) positioned at the center of each of the three
sections (see Figure HEDL-7). Bare gradient sets (G) were placed near the
top and bottom of each section. The dosimeters contained in the spectral
sets are listed in Table HEDL-24; the gradient sets contained only the Fe,
Co/Al, and Ag/Al materials (0.5 in. long). The remaining space in the
dosimetry pin and the pin itself were aluminum.

3.0 Description of the Calculation

The reactor calculation was carried out using the flow path shown in

Figure HEDL-8. The CSRL-V cross-section library (Fo82), which is processed

from ENDF/B-V, was used. This library was processed using various AMPX
modules (Gr78b). A one-dimensional (1-D) slab model was used to collapse
the cross sections to course groups. A separate slab model was used to
represent the cases of fuel elements located next to other fuel elements a
those next to the reflector.

3/8 0D x 0.035 WALL 3.004

7.512

13.145

*DISTANCE TO CENTER OF SPECIMEN GROUP (NOVINALI AND CENTER OF DOSIMETRY SET

ALL DIMENSIONS IN INCHES

nd

HEDL 9408 256 3

FIGURE HEDL-6. ABC Block. Neg WY09063-3
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TABLE HEDL-24

MATERIALS IN DOSIMETRY SETS

Material Description
0.116% Co/Al 0.020-in. diam x 0.25-in. long Wire
Fe 0.020-in. diam x 0.50-in. long Wire
0.145% Ag/Al 0.020-in. diam x 0.25-in. long Wire
237Np02 in V 0.280-in. long x 0.035-in. diam
Vanadium Capsule
Ti 0.020-in. diam x 1.5-in. long Wire
Ni 0.020-in. diam x 0.2-in. long Wire
Cu 0.020-in. diam x 1.0-in. long Wire
238U02 in V 0.310-in. long x 0.035-in. diam

Vandadium Capsule

A detailed three dimensional (3-D) X-Y-Z model was constructed of the
reactor, including approximations of all material within 10 cm of the edge
of the reactor core. The model had 41 x 36 x 39 mesh points. Each fuel
assembly had heavy element and fission product atom densities calculated
according to its burnup. The microscopic cross-section variation with
burnup, however, was found to be slight, so cross sections for an average
burnup were used. Four different sets of collapsed cross sections were used
for the fuel, depending on location (i.e., surrounded by fuel, next to
reflector, etc.).

The neutron source was calculated with a 3-D diffusion theory calculation
using the code VENTURE (Vo81). A plot of the sources in a typical X-Y plane
is shown in Figure HEDL-9. As is evident in this figure, sharp changes in
power occur from assembly to assembly because of differences in burnup and
details of the reactor configuration.

The final step in the calculation path is the 2-D transport calculation
using DOT (Ha76,Rh82). This calculation was made for the X-Y plane through
the center of the dosimetry location in the B block. Both the geometry and
the source were taken for this plane, not averaged over the core height.

The 2-D model was expanded to 49 x 49 mesh points to better model the
details of the metallurgical block. The calculation used 29 groups, and the
calculated flux-spectrum for the center of the dosimetry location is given
in Table HEDL-25. The 29-energy groups were chosen to concentrate on
calculation of the flux-spectrum above 0.1 MeV.
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FIGURE HEDL-9. Three-Dimensional Plot of Neutron Source Across the X-1/4
Plane.

4.0 Results and Discussion

The dosimetry pin was irradiated for 48 hours, ending on July 31, 1983. The
irradiation was at constant power and a square wave power history was used
to correct measured decay rates to reactions per second. In addition,
dosimetry was contained in two metallurgy blocks irradiated from June 12,
1983, to July 20 and July 26. The configuration for the metallurgy test was
identical to the dosimetry test, except for the substitution of the mockup
capsule and the dosimetry pin.

Results for the three sensor sets in the dosimetry pin are given in

Table HEDL-26. The measurements included six threshold reactions and three
broad-spectrum reactions, which respond to thermal and resonance neutrons.
Comparisons of the three sets indicate good consistency for the results.
Ratios for the threshold reactions are 0.85 + 0.01 for A/B and 0.92

0.01 for C/B. The good consistency indicates little axial variation for the
fast neutron spectrum.

Results for the six gradient dosimeter sensor sets are presented in

Table HEDL-27. These sets are not Cd covered, and the non-threshold
reaction rates may be influenced by small differences in position relative
to the block and water gaps. Impact of the adjacent spectral set cadmium is
expected to be small.
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TABLE HEDL-25

29-GROUP DOT SPECTRUM FOR THE B BLOCK DOSIMETRY LOCATION

Energy (MeV)* Flux (n/cm™*s) Energy (MeV) Flux (n/em2s)
17.33 273 x 107 1.40 466 x 10"
15.68 9.22 x 197 1.356 223 x 1O
14.55 1.85 x 108 1.317 188 x 1©N
13.84 238 x 108 1.25 3.50 x 10"
12.84 6.70 x 108 1.20 3.07 x 'O"
10.00 1.01 x 1070 1.10 6.82 x 'O
8.19 3.40 x '©70 1.01 5.47 x '©N
6.43 1.25 x 10" 0.92 6.03 x 107
4.80 3.78 x 10N 0.679 245 x 1072
4.30 222 x 1OM 0.100 9.34 x 1072
3.00 1.13 x 1012 3.74 x 10" 3.75 x 1912
2.48 9.80 x 10" 6.50 x 10" 6.31 x 1012
2.35 3.35 x 101 5.50 x 10" 5.58 x 1012
1.85 1.38 x 1012 1.0 x 10°10 472 x 01
1.50 1.39 x 1072

*Lower bound of the energy group in MeV.
**Calculated with cadmium shield; unshielded value is approximately
3.50 x 1012

A plot of the axial fast flux (E > 0.821 MeV) profile calculated by VENTURE
is shown in Figure HEDL-10. Also shown are the measured S4Fe(n,p) reaction
rates normalized to the point at -2 cm. The comparison indicates excellent
agreement for the axial flux profile, but a shift of about 1.5 inches is
noted between the measurements and calculations. The source of this differ-
ence should be investigated. The curve and/or measured points can be used
to estimate the axial flux variation in the metallurgical sample. Variation
of the fast flux from the midplane value in each block appears to be about
10% or less.

A comparison is made between the dosimetry pin results and the dosimetry in
the metallurgical test B block in Table HEDL-28. A similar comparison for

the A block is presented in Table HEDL-29. Only small differences are noted
for the flux above 1 MeV, but the resonance flux is depressed in the metal-
lurgical block by 10% to 20%. This is probably caused by small differences
in geometry between the metallurgical block and the dosimetry mockup.
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TABLE HEDL-26

BUFFALO DOSIMETRY TEST SPECTRAL SENSOR RESULTS

Reaction Rate*

Reaction —— = <
MMFe(n,p)™4Mn 651 x 10-13 758 x 10"13 6.99 x 10'13
58Ni(n,p)58Co 8.95 x 1013 1.05 x 10'12 962 x ,0-13
A8Ti(Nn,p)"8Sc 8.62 x io-14 1.02 x 10"13 9.34 x io-14

Cu(n,a) Co 4.00 x 10"15 473 x 1O°15 427 x 1079
237N (u,HFP 351 x io-12 411 x io-"2 374 x io-12
~'3/Np(n,f)FP 212 x FO- 254 x 197" 235 x 'O
59Co(n,Y)60C0 8.49 x ,O-N 101 x 10-10 028 x io-"7
109Ag(n,Y)110mAg 706 x 10-71 860 y O-11 289 x 1071
52e(n,Y)59%Fe 121 x 10-12 144 x 10"12 133 x io-12

*Nominal Locations: A: +8.;/ cm; B: -6.0 cm; c¢: -17.4 cm.
All reactions are Cd covered. Reaction rates are given in reactions
per second per nucleus.

TABLE HEDL-27

BUFFALO DOSIMETRY TEST GRADIENT SENSOR RESULTS

Reaction Rate

Location 54 59 1090 58
+12.2 582 x O3 479 x 10710 545 1O 397 y 10712
+4.5 749 x 1O 33 x 1977 4 g x 1OM0 g g TO-72
2.2 782 x 'O 590 1010 449 10710 g gg  KF12
9.8 gog x 1018 553 10710 445 ¢ 1010 524 10™2
-13.6 773 x '©B 249 x 97 98g x 1O 478 x 10712
-21.3 6.91 X io-"3 200 x io-10 871 x ©N 4.46 X io-12
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FIGURE HEDL-10. Axial Fast Flux Distribution.

TABLE HEDL-28

COMPARISON OF DOSIMETRY MEASUREMENTS FOR B BLOCK

Reaction Reaction Rate

Dosimetry Pin Metal liurgical
63Cu(n,a )60Co 473 X io-15 504 x Kris
4®Ti(n,p)4Sc 100 x iO-13 107 x 10713
58Ni (n,p)58Co 105 x 1O"12 108 x 10712
54F e(n,p)54Mn 258 x 10™3 286 x 10"13
238U(n,f)FP 411 y 102 408 x 10712
59Co(n,Y)60Co 101 x i©-10 814 x 10"
109Ag/(n,y}11omAg 8.60 x io-11 797 X io"11
B e(n, Y>3 e 1.44 x 10712 131 x 10712

HEDL-35

HEDLseaMxiei

Block Rati

1.03

0.81
0.93
0.91



TABLE HEDL-29

COMPARISON OF DOSIMETRY MEASUREMENTS FOR A BLOCK

Reaction Reaction Rate

Dosimetry Pin Metallurgical Block Ratio
63Cu(r,,a)80Co 4.27 x 1071b 4.38 x 1.03
46Ti(n,p)46Sc 933 ¥ 10"14 943 x 104 1.01
58Ni(n,p)58Co 962 x 10"13 947 x 10"14 0.98
54Fe(n,p)54Mn 6.99 x 10'13 6.89 x 10%13 0.99
238U(n.HFP 3.74 x 1012 373 x o712 1.00
59Co(n,Y)bUCo 908 x 1O"" 6.73 x 1o°1! 0.73
109Ag(n,Y)IIOMAg 7.89 x io-11 6.82 x 1071 0.86
58Fe(n.Y)53Fe 1.33 x o712 113 x ©°12 0.85

A comparison between the measured and calculated threshold reaction rates
for the dosimetry pin is shown in Table HEDL-30. Good agreement between
measurement and calculation is indicated for the highest energy neutrons,
but neutrons with energies below about 2 MeV are clearly underpredicted.
Part of this error could be due to the fact that an average fission spectrum
was used, but most of the error is probably due to inaccuracies in iron
elastic and inelastic scattering cross sections as well as the amounts of
water present. A similar effect was observed in the calculation of the flux
in the center hole of the VENUS Mockup (Fe85).

The flux spectrum at the center of the B block was used together with the
dosimetry data (Table HEDL-26) as input to the FERRET least-squares adjust-
ment code (Sc79). (The spectrum used was not quite identical to that in
Table HEDL-25.) The FERRET code used a 53-group representation of the
spectrum and adjusted the group flux values to minimize the deviations (in a
least-squares sense) between input data and output calculated values. Large
uncertainties were placed on the input flux with the result that all the
reaction rates were adjusted to agree to within £3%. The input and

adjusted 53-group spectra and the estimated flux uncertainties are given in
Table HEDL-31. The integral FERRET results are given in Table HEDL-32 and
are compared with the results of the DOT calculation. The agreement is
entirely consistent with the comparisons of reaction rates made in

Table HEDL-30.
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TABLE HEDL-30

COMPARISON OF CALCULATED AND MEASURED REACTION RATES

Reaction Reaction Rate C/E
Measured (E) Calculated (C)

63%u/(n,a}6060 473 x 10"15 4.78 x 10'15 1.01
4®Ti(n,p)4"Sc 1.02 x 10™3 9.50 x 10'14 0.93
"Fe(n,p)"Mn 7.58 x 10"13 7.44 x 10°13 0.98
58Ni(n,p)54Co 1.05 x 10~12 9.85 x 10-13 0.94
238U(n,f)FP 411 x 10"12 3.43 x 10-12 0.83
237Np(n,f)FP 254 x 10-11 212 x 10”11 0.83

Two previous calculations have been performed for the Buffalo Reactor by
Ombrellaro (O0m80). These are similar calculations, consisting of an
original calculation that used a uniform fuel burnup model, and a revised
calculation that used varying fuel burnup. Since the configuration for
these earlier calculations was not identical to that used here, it is not
expected that results identical to the present calculation should be
obtained, but rather that relative results should be close.

Because of the large deviations predicted in the absolute flux values,
comparisons of the ratio of flux E > 0.1 to E > 1.0 and spectral-averaged
cross sections for Fe(n,p) and Ni(n,p) were made (Table HEDL-33) using each
calculated spectrum and ENDF/B-V dosimetry cross sections. It appears that
the original and revised Ombrellaro calculations are in good agreement above
1 MeV (and in fact agree with the FERRET result better than the more sophis-
ticated DOT calculation), but show large deviations at lower neutron ener-
clies. The FERRET results indicate that derivation of the flux (E > 1) from
4Fe(n,p) or 58Ni(n,p) dosimetry results gives a reasonably accurate answer.

Conclusions

A recent dosimetry measurement test in the Buffalo Reactor together with a
detailed transport calculation have been completed. These data have been
used in a least-squares adjustment procedure to determine the flux (E > 1 MeV)
at the midplane dosimetry point to an indicated accuracy of 5%. This is a
significant improvement over past flux estimates. This experiment also
indicates that, with good dosimetry measurements, including calculated
spatial gradients, fluences for future metallurgical tests can be determined
to accuracies of about 10%. Other exposure parameters can also be
determined with only slightly higher uncertainties. It is expected that the
results obtained for the Buffalo Reactor can be used as a benchmark for
future tests.
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BUFFALO REACTOR FLUX SPECTRUM NEAR MIDPLANE

Energy (MeV)
Lower Bound

14.92
13.50
11.62
10.00
8.607
7.408
6.065
4.966
3.679
2.865
2.231
1.738
1.353
1.108
0.8208
0.6393
0.4979
0.3877
0.3020
0.1832
0.1111
6.738-2
4.087-2
2.554-2
1.989-2
1.503-2
9.119-3
5.531-3
3.355-3
2.839-3
2.404-3
2.035-3
1.234-3
7.485-4
4.540-4
2.754-4
1.670-4
1.013-4
6.144-5
3.727-5
2.260-5
1.371-5
8.315-6
5.043-6
3.059-6
1.855-6
1.125-6
6.826-7
4.140-7
2.511-7
1.523-7
9.237-8
1.000-10

TABLE HEDL-31

DOT Calculated
Flux (Arb Norm)

2.420+8
5.465+8
2.926+9
8.549+9
2.337+10
5.374+10
1.537+11
2.894+11
7.493+11
1.013+12
1.566+12
1.609+12
1.839+12
1.615+12
2.266+12
2.320+12
2.077+12
1.770+12
1.504+12
2.357+12
1.748+12
1.425+12
1.245+12
1.075+12
5.553+11
6.141+11
1.073+12
1.037+12
9.937+11
3.209+11
3.157+11
3.112+11
9.081+11
8.760+11
8.514+11
8.342+11
8.245+11
8.224+11
8.276+11
8.377+11
8.436+11
8.332+11
8.008+11
7.458+11
6.685+11
5.690+11
4.470+11
3.028+11
1.480+11
5.572+10
2.290+10
5.300+10
3.249+11
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FERRET Adj
Flux (n/cm”-s)

2.248+8
5.023+8
2.668+9
7.760+9
2.124+10
4.928+10
1.427+11
2.730+11
7.159+11
9.979+11
1.638+12
1.776+12
2.078+12
1.814+12
2.574+12
2.651+12
2.374+12
2.013+12
1.696+12
2.627+12
1.923+12
1.546+12
1.334+12
1.139+12
5.825+11
6.390+11
1.110+12
1.068+12
1.020+12
3.285+11
3.227+11
3.177+11
9.267+11
8.936+11
8.682+11
8.506+11
8.405+11
8.384+11
8.437+11
8.539+11
8.599+11
8.492+11
8.161+11
7.601+11
6.812+11
5.798+11
4.555+11
3.085+11
1.508+11
5.677+10
2.333+10
5.400+10
3.311+11

% Uncertainty

LLEJ

22
20
18
16
14
12
1"
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TABLE HEDL-32

CALCULATED FLUX RESULTS FOR CENTERLINE OF B BLOCK

DOT
Calculation
Flux (E > 1 MeV)* 8.83 x 1012
Flux (E > 0.1 Mev) 213 x 1013
Flux (Total)** 4.03 x 1013
1.27 x 108

dpa/s

*Units of flux are n/cm”-s.

**0Only the threshold reactions were included

TABLE HEDL-33

FERRET
Calculation
1.04 x 1013

2.57 x 1013
4.76 x 1013
1.50 x 10'8

COMPARISON OF BUFFALO CALCULATIONS

Reference (0m80)

Original

*E > 0.1
2.76

* > 1.0
(TFe(n,p) 1.99
(10-26 cm2)
aFe(n,p)
(E > 1) 7.93
(1026 cm2)
aNi(n,p) 2.64
(10-26 cm2)
aNi(n,p)
(E > 1) 10.05
(10-26 cm2)

Revised DOT
3.56 2.41
0.94 1.72
7.06 8.45
1.27 2.28
9.57 11.2

in the FERRET-SAND 11

FERRET*

2.47

1.63

7.47

2.20

101

*Least-squares adjusted flux-spectrum using DOT
calculation and dosimetry sensor results.
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Uncertainty
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Expected Future Accomplishments

The present scope of this work has been completed.
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C. ANALYSIS OF PCA AND PSF BENCHMARK DATA
Raymond Gold and W. N. McElroy (HEDL)

Objective

The objective of the present work is to provide a better understanding of
the complex radiation-induced embrittlement phenomenon in LWR-PV through an
analysis of PCA and PSF benchmark data.

Summary

The existence of some very simple relations are uncovered through a compara-
tive analysis of PCA and PSF benchmark data. Implications of these simple
relationships for the description of radiation-induced LWR-PV embrittlement
are discussed. It is demonstrated that an exponential representation accu-
rately describes the spatial dependence of neutron exposure in LWR-PV. The
coefficients of this exponential representation, a and e, are independent of
the chemistry and metallurgical properties of the PV steel. In contrast, on
the basis of the six materials studied in the PSF it is shown that the radial
dependence of LWR-PV embrittlement is material dependent. The variation of
coefficients used in models describing the radial dependence of Charpy shifts
observed in these six PSF materials, y and s, provide a representative
magnitude of the material-dependent variation of LWR-PV embrittiement.

Accomplishments and Status
1.0 Introduction

One of the outstanding features of the PSF experiment was the generation of
mechanical property data representative of the through-wall behavior in LWR
commercial power plants, but under benchmark conditions. Indeed, the PSF
experiment is unique in that it represents a real world benchmark. Environ-
mental variables of the PSF irradiations were well controlled and accurately
measured. The ORR-PSF facility has been documented in fine detail so that
neutron transport calculations can be conducted with the confidence that the
geometric and compositional quantities of the environment are accurately
known. In this perspective, the PSF experiment represents one of the most
important test reactor irradiations conducted to date for the generation of
LWR-PVS data.

2.0 Behavior of DPA Within the Simulated Pressure Vessel Capsule (SPVC)

Considerable interlaboratory effort has been expended to quantify exposures
attained in the PSF irradiations. Results of these extensive efforts have
been documented in the first of four scheduled volumes to be issued on the
PSF benchmark (Mc86b). Figures HEDL-11 through HEDL-17 show the behavior of
the dpa as a function of location within the PV for the SPVC irradiation.

In these figures, interlaboratory consensus dpa values in iron have been
used (Li86). Figure HEDL-11 shows the dpa behavior at the center of the
capsule, whereas Figures HEDL-12 through HEDL-17 show the dpa variation at
the location of the six different materials irradiated in the SPVC.
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The smooth curve in each of these figures is a least-squares fit of the dpa
data within the PV to an exponential function of the form

d = d0 exp (-c*r) . (1)

Here d represents the dpa within the PV and r is the radial distance (in
inches) from the front surface of the PV. The two parameters in Eq. (1),

namely d0 and a, are generated by the least-squares analysis. The com-
puter code FATAL (Sa72) has been used for all the least-squares analyses

reported herein.

The adequacy of the fits in all of these figures demonstrates that the dpa
variation within the PV can be accurately described by a simple exponential
function. The parameter values obtained from these least-squares analyses
are given in Table HEDL-34. As could be anticipated from the extensive PSF
dosimetry efforts (Mc86b9Mc87c), the value of d0 varies from lateral loca-
tion to lateral location in the PV because of the azimuthal and axial varia-

tion of the neutron intensity. As a consequence, d0 values vary by more
than 30%, depending on the (Xx,z) locations of the six different materials

irradiated in the SPVC.

In contrast, all values of a agree within uncertainty. In view of this con-
sistency, it is appropriate to use the average of these a-values, namely

a = 0.272 0.0079, as the single value for the SPVC irradiation. In

terms of this simple exponential representation, this single (average) value
a can be used to characterize the radial dependence of the dpa within

the SPVC.

3.0 Behavior of Fluence Within the SPVC

The behavior of fluence within the PV can be examined the same way that the

dpa was studied in Section 2.0 above. Figures HEDL-18 through HEDL-24 show
the behavior of the fluence of neutrons (having energies >1 MeV) as a func-

tion of location within the PV for the SPVC irradiation. In these figures,
interlaboratory consensus fluence values have been used (Li86). Figure
HEDL-18 shows the fluence behavior at the center of the capsule, whereas
Figures HEDL-19 through HEDL-24 show the fluence variation at the location of
the six different materials studied in the PSF experiment, respectively.

The smooth curve in each of these figures is a least-squares fit of the
fluence data within the PV to an exponential function of the form

(<t>t) = (<t>t)0 exp (-er) 2)

Here Ut) represents the fluence of neutrons having energy >1 MeV (E > 1)
within the PV and r is the radial distance (in inches) from the front surface
of the PV. The two parameters in Eq. 2, namely (<|>t)0 and e, are generated
by the least-squares analysis.
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The adequacy of the fits in Figures HEDL-18 through HEDL-24 demonstrates
that the fluence variation within the PV can also be accurately described by
a simple exponential function. The parameter values obtained from these
least-squares analyses are given in Table HEDL-35. Just as for the dpa
analyses given above, the values of Ut)0 vary by more than 30% because

of the azimuthal and axial dependence of the neutron intensity.

In contrast, all values of e agree within uncertainty. In view of this
consistency, it is appropriate to use the average of these 6-values, namely
3 = 0.347 + 0.0097, as the single value for the SPVC irradiation. In terms
of this simple exponential representation, this single (average) g-value
can be used to characterize the radial dependence of the fluence within the
SPVC.

Comparison of the fluence and the dpa least-squares results shows that £ is
roughly 25% larger than , so that the fluence falls off more rapidly with
increasing penetration than does the dpa. This behavior can be qualitatively
explained by noting that in addition to the intensity fall off, the spectrum
softens with increasing penetration further depleting the neutron population
above 1 MeV. However, neutrons with energies down to roughly 1 keV and
below contribute to displacements, so that the dpa is not expected to fall
off as rapidly as the fluence (E > 1 MeV).

Recommended (la) uncertainties of 9% for individual dpa values and 8% for
individual fluence values (Li86) were used in these least-squares analyses.
The resulting la uncertainties of the 6-values given in Table HEDL-35

range from about 6.5% up to 9%. In contrast, the resulting la uncertainties
of the a-values given in Table HEDL-34 range from about 10% to 20%. This
uncertainty difference is not reflected in the quality of the fits, since
inspection on a (material) location-by-location basis reveals that the least-
squares exponential representation provides slightly better fits for the dpa
data than the fluence data. Consequently, the uncertainty in individual a-
and 6-values should not be taken as a measure of the adequacy of the
exponential representation.

Much smaller uncertainties of 2.9% and 2.8% have been cited for " and jj,
respectively. These uncertainties are simply the standard deviations from
the mean values, “ and T. It must be recognized that total uncertainties
were used for dpa and fluence in these least-squares analyses. However, the
largest uncertainty component in the dpa and fluence stems from the
uncertainty in the absolute scale of the dosimetry measurements and this

uncertainty factor is virtually constant, i.e., independent of r. As a
consequence, the standard deviations cited above for ~ and £ are more mean-
ingful measures of the adequacy of a simple exponential representation. In

this regard, it is clear that there is no essential distinction in the
r-dependence of the dpa and fluence within the SPVC. Both exposure quanti-
ties possess the very simple behavior of exponentially decreasing with
increasing penetration.
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4.0 General Validity of the Simple Exponential Representation
4.1 Configuration Independence a and g

The general validity of the a- and e-values generated in Sections 2.0. and
3.0, respectively, can be tested by comparison with results from the PCA
Experiments and Blind Test (Mc81,Mc84i). Comparable interlaboratory dosi-
metry efforts were expended to characterize the low-power LWR-PV mockups
studied in the PCA. Moreover, these investigations include different LWR-
PVS configurations and extend to the 3/4-T location in the PV.

Consequently, it is instructive to obtain least-squares analyses for these
PCA data that can be compared to the SPVC results. Hence, consensus dpa and
fluence values from the NUREG reports on the PCA were used (Li84b) together
with the simple exponential representations introduced in Egs. (1) and (2)
for dpa and fluence, respectively.

Figures HEDL-25 through HEDL-27 provide least-squares fits of the dpa data
for the 8/7, 12/13, and 4/12 SSC configurations, respectively, that were
studied in the PCA. Table HEDL-36 summarizes parameter results obtained
from the least squares analyses of the PCA dpa data.

Figures HEDL-28 through HEDL-30 provide least-squares fits of the fluence
data for 8/7, 12/13, and 4/12 SSC configurations, respectively, that were
studied in the PCA. Table HEDL-37 summarizes parameter results obtained
from the least-squares analyses of the PCA fluence data.

These figures demonstrate that a simple exponential description of either
dpa or fluence is an excellent representation for all PCA configurations.
The inner consistency of the a values in Table HEDL-36 is remarkable. The
e-values in Table HEDL-37 also exhibit remarkable consistency. The average
value of a from the PCA data is < a > = 0.289 + 0.0038, whereas the average
value of e from the PCA data is < e > = 0.369+ 0.0062. Here, the quoted
uncertainties are simply the standard deviations from the mean values < a >
and < e >. These standard deviations are ".3% and 1.7% for < a > and < 6 >,
respectively.

Standard (la) uncertainties used in these PCAleast-squares analyses were
the consensus values recommended in thePCA Experiments and Blind Test work
(Li84b). These uncertainties vary slightly with configuration and location,
ranging from 6% to 9% for fluence and from 8% to 11% for dpa. Just as has
already been noted for the SPVC data, the largest uncertainty component in
the dpa and fluence data for the PCA stem from the absolute scale of the
dosimeter measurements, which is an uncertainty factor that is essentially
independent of r. Hence, just as stressed in Section 3.0, the standard
deviations of < a > and < 3 > are indicative of the adequacy of a simple
exponential representation, whereas the individual uncertainties in the a-
and 3-values given in Tables HEDL-36 and HEDL-37, respectively, are not as
meaningful measures of this behavior.
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4.2 Comparison of a and ¢ Results from the SPVC and the PCA

PCA and PSF benchmark data compliment each other. PCA results demonstrate
that a and e values are configuration independent. PSF results show that

a and 3 are essentially independent of the azimuthal and axial variation of
the neutron intensity.

Table HEDL-38 summarizes the average a- and 3-values obtained from the SPVC
and the PCA. It can be seen that the ratio of the PCA to SPVC values of a
and 3 are virtually identical. In both cases, the PCA result is 76.3%
higher.

Some differences between SPVC and PCA results should be anticipated because
of differences that exist in the PV mockup in both benchmarks. In parti-
cular, the metallurgical tests in the PSF necessitated temperature control
apparatus. As a consequence of this temperature control apparatus, pertur-
bations were introduced into the PSF mockup of the PV. For example, elec-
trical heaters as well as gas and water cooling was employed within the PSF
mockup in an effort to maintain constant irradiation temperature. No such
apparatus was entailed in the PCA (Ka83).

As a result of addressing different needs, the PCA and PSF benchmarks com-
pliment each other. The PCA is a more faithful mockup of the radiation
fields found in LWR-PV environments. The low-power PCA mockup permits use
of many radiation metrology methods to carefully characterize the environ-
ment. On the other hand, the PSF is a more realistic mockup of a real world
power plant in terms of flux, fluence and temperature conditions. In this
respect, the PSF was designed to furnish metallurgical and mechanical
property radiation data that approximated through-the-PV-wall property data
arising in an actual LWR power plant.

The PCA-PSF differences in the average a and 3 values given in Table
HEDL-38 can, therefore, be attributed to the different focus of these two
LWR-PV benchmarks. The fact that these two differences are small and
identical lends further assurance to the simple exponential description of
the radial variation of dpa and fluence within the PV.

Because of the distinction between these two benchmarks, one should use

" and £ in analyses of the PSF data. For general use, however, it is
recommended that < a > and < 3 > be employed to describe the behavior of dpa
and fluence, respectively, within LWR-PV.

50 Implications of the Simple Exponential Behavior of DPA and Fluence

The simple exponential behavior of dpa and fluence within the PV has far-
reaching implications. The nature of these implications depends on the
assumptions introduced for the behavior of the nil-ductility temperature
shift, AT, as a function of penetration distance, r, into the PV; i.e., as
measured from the core face of the PV. Perhaps the simplest model that one
can assume for the spatial dependence of AT is that it qualitatively
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possesses the same exponential behavior as dpa and fluence. Under this
assumption, one can write

AT = (AT)0 exp (-Yr) (3)

where (A!) and Y are the two parameters that comprise this simple exponential
representation.

Eq. (1) can be used in Eq. (3) to determine the dependence of AT on dpa.
One finds

AT = (AT)0 exp [(Y/a)-1n(d/d0)] , (4a)

which can also be written as

AT = (AT)0 (d/dO)Y/a . (4b)

Use of Eq. (2) in Eq. (3) provides the dependence of AT on fluence. One
has

AT = (AT)0 exp (Y/BHN[<t=t/U1)0] (5a)

which can also be written as

AT = (AT)0 [<t>t/(<t>t)O1Y/e (5b)

Egs. (4) and (5) above are the analytical form of the power law model used
by Guthrie (Gu84) and Odette et al. (Pe84) for statistical analyses of
temperature shift data from surveillance and test reactor data bases.

The slow spatial variation of AT as a function of r in the PSF experiment
(Ha84,Ha84a) furnishes the basis for an alternative model. Because of this

slow variation, a Taylor series expansion of only a few terms should provide
an adequate approximation. Using only the first two terms of such a Taylor
series, one has a linear model of the form

AT = (AT)0 - s*r (6)
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Here (AT)0 is the intercept at r=0 and s is the slope of the assumed linear
variation. To determine the dependence of AT on dpa for this linear
model, one can use Eq. (1) in Eq. (6). One finds

AT = (A)0 + (s/a) * In(d/d0) (7)

Using Eq. (2) in Eq. (6), one finds for the fluence dependence of AT the
expression

AT = (AT)0 + (s/B) In[<t>t/(<t.t)0] . (8)

Egs. (7) and (8) correspond to the logarithmic trend curve model introduced
by McElroy et al. for the analysis of the PSF experiment as well as for
analyses of the LWR surveillance data base and the test reactor irradiation
data base (Mc86).

Consequently, two very simple assumptions produce trend curve models that
are in current use. The power law trend curve model follows from the assump-
tion of an exponential spatial variation of AT, namely Eq. (3). On the
other hand, the logarithmic trend curve model follows from assuming a linear
spatial variation of AT, namely Eq. (6).

It must be stressed that in the derivation of both these trend curve models,
it has been assumed that AT depends solely upon exposure, i.e., dpa or
fluence (E > 1), and dependence upon any other environmental variables has
been assumed negligible. The validity of this assumption could be limited
by the existence of non-negligible systematic effects caused by any of the
other environmental variables. The importance of such systematic effects
has been emphasized at a recent international symposium [Go86].

6.0 SPVC Tests of Trend Curve Models

Least-squares fits of the spatial variation of AT have been performed with
the PSF data using both exponential and linear assumptions. The actual AT

values and uncertainties used here are those developed by McEIroy et al.,
(Mc86) as based on the PSF experimental measurements of Hawthorne (Ha84,

Ha84a). Dosimetry values used in these least-squares fits correspond to the
group-averaged exposure parameters for a set of Charpy specimens. More
specifically, exposure parameters for the notch tip were averaged. Least-
squares results for the exponential assumption are shown in Figures HEDL-31
through HEDL-36 for the six materials tested in the PSF. It can be seen
that the exponential assumption is an adequate representation for all six
materials. Table HEDL-39 summarizes the least-squares parameter results
obtained for (AT)0 and y using the exponential assumption.

As can be seen in Table HEDL-39, there exists a considerable material-
dependent variation in both (AT)0 and y. In fact, the y-Parameter varies
from a low of 0.04012 for the EC-material to a high of 0.2084 for the
MO-material, which is about a factor of 5.
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Least-squares fits obtained from the linear assumption are shown in Figures
HEDL-37 through HEDL-42 for all six materials tested in the PSF. These
figures confirm that the linear assumption is also an adequate representa-
tion for all six materials. Table HEDL-40 summarizes the least-squares
parameter results obtained for (AT)0 and s using the linear assumption.

It can be seen that a significant material-dependent variation also exists
for the linear assumption. In this case, the slope s varies from a low of
5.9 for the MO-material to a high of 23.48 for the R-material, which is
about a factor of 4.

The least-squares parameters from the exponential assumption given in Table
HEDL-39 have been used in Eqgs. (4a) and (4b) to examine the adequacy of the
power law trend-curve model. For these comparisons, it is appropriate to
use the average values of a and e obtained from the PSF data analyses

given in Sections 2.0 and 3.0, namely ,, = 0.272 and £ = 0.347.

Figures HEDL-43 through HEDL-48 present the power law trend curves so
obtained for the six materials studied in the PSF using the dpa exposure
variable. The power law trend curves so obtained using the fluence exposure
variable are shown in Figures HEDL-49 through HEDL-54. These figures reveal
that the power law trend curve model is an adequate representation of the
SPVC data for all six materials. The dpa power law trend curves and the
fluence power law trend curves fit the experimental data equally well.

Hence no distinction between these two exposure variables is possible on
these grounds.

The least-squares parameters from the linear assumption given in Table
HEDL-40 have been used in Egs. (7) and (8) to examine the adequacy of the
logarithmic trend curve model. For these comparisons, it is appropriate to
use the average values of a and e obtained from the PSF data analyses

given in Sections 2.0 and 3.0, namely * = 0.272 and £ = 0.347.

Figures HEDL-55 through HEDL-60 present the logarithmic trend curves so
obtained for the six materials studied in the PSF using the dpa exposure
variable. The logarithmic trend curves obtained using the fluence exposure
variable are shown in Figures HEDL-61 through HEDL-66. These figures reveal
that the logarithmic trend curve model is also an adequate representation of

the SPVC data for all six materials. Indeed, the quality of these fits to
the experimental data is comparable to that obtained with the power law
trend-curve model. Hence, no distinction between these two models, i.e.,

power law or logarithmic, is possible on the basis of the SPVC data. Just
as for the power law results, there is essentially no difference in the
ability of the logarithmic trend curves to fit the experimental data,
whether using dpa or fluence exposure variables.

7.0 Conclusions
1. Exponential Variation of Dpa and Fluence Within the PV -- The spatial

variation of dpa and fluence exposure variables can be accurately
described by an exponential radial dependence within the PV. More
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specifically, the spatial variation of dpa with increasing penetration
distance r from the inner PV surface (i.e., the core side of the PV) is

given by

d = do exp (-ar) : 9)

whereas the fluence variation is given by

Ut) = (<>t)o exp (-er) 10y

General values of a and e, which have been derived from the PCA experi-
ments, are < a > = 0.289 and < s > = 0.369. Values of a and 3 obtained
from the SPVC data are slightly lower, namely ,, = 0.272 and 3 = 0.347,
and are specific values representative of the PSF experiment only.

Derivation of Trend Curve Models -- Specific trend curve models that
are currently used to predict PV embrittlement have been derived. The
assumption of an exponential spatial variation of the temperature
shift, namely

AT = (AT)0 exp (-Yr) a1

leads to the power law trend curve model. In contrast, assuming a
linear spatial variation of the temperature shift

AT = (AT)0 - s™r. 12)

leads to the logarithmic trend curve model.

Least-Squares Analyses of SPVC Data -- Least-squares analyses show that
the exponential and linear assumptions are acceptable representations
for the spatial variation of the temperature shift data observed from
the SPVC. The quality of the fits obtained using these two assumptions
are comparable, so that no distinction between these two assumptions
can be made on the basis of the SPVC data.

Material Dependence -- Least-squares parameters obtained from analyses
of the SPVC data exhibit a significant material dependence. This is
true for both cases studied, i.e., for both the exponential and linear

assumptions introduced to describe the spatial variation of AT. As a
consequence, both the power law and logarithmic trend-curve models
exhibit a significant material dependence. For example, Table HEDL-41
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and

shows the material dependence of the exponent in the power law trend-
curve model as obtained from least-squares analyses of the SPVC data.

Spatial Extrapolation Within the PV -- In view of the material depen-
dence of the SPVC data, spatial extrapolation of AT from the surface
into the body of the PV should be carried out on a material-by-material
basis. This material dependence persists, regardless of the assumed
spatial variation of AT. Rather than extrapolate AT directly, it

is recommended that the exposure, dpa or fluence, be extrapolated. The
dpa or fluence extrapolation can be accurately accomplished using the
exponential representations established above. This accurately extrap-
olated dpa or fluence value can then be used in a material-dependent
trend-curve model to produce the extrapolated value of AT.

The accuracy of these exposure extrapolations can be estimated in a

straightforward manner by applying elementary differential calculus to
Egs. (9) and (10). Using the notation a(x) to represent the relative

standard deviation of XJ one finds

(13)

Under idealized conditions, such as in the PCA benchmark [Mc81], the

uncertainties in exposure parameters at the surface of the PV, namely
a(d0) and a[(<t>t)0], range from 5% to 15%. In contrast, a(a) and a(p)

uncertainty values can be obtained from Table HEDL-36 and HEDL-37 and
are 1.3% and 1.7%, respectively.

Using these numerical results in Egs. (13) and (14), one can determine
the radial dependence of the uncertainty in the extrapolated values of
dpa and fluence. On this basis, the uncertainty in extrapolated dpa
and fluence are presented in Figures HEDL-67 and HEDL-68, respectively,
for surface exposure uncertainties of 5, 10 and 15%. It can be seen
that this simple extrapolation entails a negligible penalty in increased
uncertainty virtually everywhere. The exception to this rule lies in
the region defined by large extrapolation, i.e., large r, and most
accurate surface exposure determinations, i.e., near 5% for a(dO) and
a[(<t>t)0]. However, even in this region the increase in total uncer-

tainty is modest.

It is important to recognize that through a simple change in the
coordinate system, the exponential representation can be used for
accurate exposure extrapolation from the cavity side of the PV. In
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fact, the quadrature formulas given in Eqs (13) and (14) for the

propagated uncertainty are still valid for extrapolation from the
cavity side of the PV. In this case, r represents the distance as
measured from the cavity surface of the PV.

6. Validity of Trend-Curve Models — Comparison of the power law and
logarithmic trend-curve models with SPVC data reveals that both models
provide an adequate representation within the PV. The quality of the
fits obtained from these two models are comparable, so that no distinc-
tion between these two models is possible on the basis of the SPVC data.

The general validity of any conclusions concerning trend-curve models
based on these analyses of the SPVC data is seriously limited by the
following two factors:

. The restricted range of exposure used in the PSF experiments.

. Systematic effects have been completely ignored [the importance of

systematic effects was stressed at a recent international sympo-
sium (Go86,Mc86)].

Because of these two factors, one can only advance the qualitative
conclusion that both the power law and logarithmic trend curve models
are plausible representations of the exposure dependence of AT.

7. On the Choice of Exposure Variable, DPA or Fluence? — Based on the
analyses and curves presented herein, no distinction can be drawn
concerning which exposure variable, dpa or fluence, is better to use
for the prediction of radiation damage. However, this conclusion could
have been easily anticipated because of the slow variation exhibited by
the temperature shifts in the PSF together with the rather restricted
range of exposure of the PSF irradiations. Consequently, the PSF
experiment is clearly not a suitable experiment to use in appraising
any preference between dpa and fluence exposure variables.

In general, such comparisons depend not only on the specific experi-
ment, but the metallurgical (property change) observable under study.
The measurements of nil-ductility temperature shift, which varies
slowly with exposure, is therefore not particularly well suited for
comparative tests of exposure variables. More sensitive tests can be
obtained using different property change observables, especially
observables that vary rapidly with exposure.

Expected Future Accomplishments
Extension of this work will be included in the PSF Physics-Dosimetry-

Metallurgy Experiments, NUREG/CR-3320, Vol. 4, which is to be issued later
in FY-87.

HEDL-51



TABLE HEDL-34

PARAMETER RESULTS FROM DPA LEAST-SQUARES ANALYSES

Location a
Capsule Centers 0.0768 + 0.0081 0.282 + 0.043
R-Material 0.0612 + 0.0048 0.259 + 0.026
3PU-Material 0.0582 + 0.0049 0.273 + 0.028
F 23-Material 0.0644 + 0.0053 0.268 + 0.028
EC-Material 0.0627 + 0.0064 0.268 + 0.029
K-Material 0.0602 + 0.0062 0.280 + 0.030
MO-Material 0.0662 + 0.0088 0.275 + 0.057

Average a = 0.272 + 0.0079*
(2.9%)

*The uncertainty cited for the average value is only the standard
deviation from the mean.

TABLE HEDL-35

PARAMETER RESULTS FROM THE FLUENCE LEAST-SQUARES ANALYSES

Location 3
Capsule Centers (5.23 + 0.44)E+I19 0.360 + 0.032
R-Material 4.11 + 0.31)E+19 0.333 + 0.029
3PU-Material (3.93 + 0.30)E+l9 0.343 + 0.026
F23-Material (4.31 + 0.32)E+I9 0.340 + 0.027
EC-Material (4.22 + 0. 37)E+I9 0.346 + 0.024
K-Material (4.09 + 0.39)E+I9 0.358 + 0.029
MO-Material (4.43 + 0.39)E+19 0.351 + 0.023

Average 8 = 0.347 + 0.0097*
(2-8%)

*The uncertainty cited for the average value is only the standard
deviation from the mean.
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TABLE HEDL-36

PARAMETER RESULTS FROM LEAST-SQUARES ANALYSES OF THE PCA DPA DATA

Configuration

an (8.98 + 1.1 7)E-28 0.293 + 0.026
12/13 (1.54 + 0.22)E-29 0.286 + 0.031
4/12 SSC (8.52 + 1.42)E-28 0.287 + 0.037

Average a 0.289 + 0.0038*

(1.3%)

*Uncertainty cited for the average value is only the
standard deviation from the mean.

TABLE HEDL-37

PARAMETER RESULTS FROM LEAST-SQUARES ANALYSES OF THE PCA FLUENCE DATA

Configuration 6
8/7 (6.39 + 0.68)E-07 0.362 + 0.024
12/13 (1.18 + 0.69)E-07 0.371 + 0.014
4/12 SSC (6.13 + 0.74)E-07 0.374 + 0.027
Average B = 0.369 + 0.0062*
(1.7%)

Uncertainty cited for the average value is only the standard
deviation from the mean.
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TABLE HEDL-38

AVERAGE a AND g VALUES FROM THE SPVC AND PCA

SIPVC PCA Ratio
- = 0.272 + 0.0079 < a>= 0289 + 0.0028 <a > - 10625
3 = 0.347 + 0.0097 < e >= 0369 + 0.0062 <6 >/g = 1.0634

TABLE HEDL-39

PARAMETER RESULTS FROM AN EXPONENTIAL LEAST-SQUARES
FIT OF THE PSF TEMPERATURE SHIFT DATA

Material
R (5.150 + 0.097) E+02 (+5.123 + 0.669) E-02
3PU (1.399 + 0.116) E+02 (+1.197 + 0.364) E-01
F23 (1.474 + 0.083) E+02 (+9.887 + 2.65) E-02
EC (2.105 + 0.169) E+02 (+4.012 + 2.01) E-02
K (1.356 + 0.175) E+02 (+6.470 + 2.34) E-02
MO (5.459 + 1.05) E+01 (+2.084 + 0.524) E-01
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Material

R

3Pu

F23

EC

Mo

Material

R

3Pu

F23

EC

Mo

TABLE HEDL-40

Al

(5.132 + 0.112)

(1.380 + 0.105)

+

(1.453 + 0.075)
(2.090 + 0.156)

(1.337

+

0.162)

+

(4.821 0.735)

TABLE HEDL-41

dpa(Y/a)
0.188
0.440
0.364
0.148
0.238

0.766

E+02

E+02

E+02

E+02

E+02

E+01

HEDL-55

PARAMETER RESULTS FROM A LINEAR LEAST-SQUARES
FIT OF THE PSF TEMPERATURE SHIFT DATA

(+2.348
(+1.317
(+1.176
(+7.400
(+7.141

(+5.900

EXPONENTS FOR THE POWER LAW TREND CURVE MODEL
DERIVED FROM THE PSF-SPVC DATA

+ 0.407) E+01
+ 0.399) E+01
+ 0.315) E+01
+ 4.75) E+00
+ 3.46) E+00

+ 1.88) E+00

Fluence (y/e)

0.148

0.345

0.285

0.119

0.187

0.601



RADIAL DISTANCE (INCH)

FIGURE HEDL-11. Radial Dependence of the dpa in the SPVC at the Center of
the Capsules. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).

RADIAL DISTANCE (INCH)

FIGURE HEDL-12. Radial Dependence of the dpa in the SPVC at the R-Material

Location. The smooth curve is a least-squares fit of the
data to simple exponential function (see text).
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FIGURE HEDL-13. Radial Dependence of the dpa in the SPVC at the 3PU-Material

Location. The smooth curve is a least-squares fit of the
data to a simple exponential function (see text).

RADIAL DISTANCE (INCH)

FIGURE HEDL-14. Radial Dependence of the dpa in the SPVC at the F23-Material
Location. The smooth curve is a least-squares fit of the
data to a simple exponential function (see text).
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RADIAL DISTANCE (INCH)

FIGURE HEDL-15. Radial Dependence of the dpa in the SPVC at the EC-Material

Location. The smooth curve is a least-squares fit of the
data to a simple exponential function (see text).

C0

RADIAL DISTANCE (INCH)

FIGURE HEDL-16. Radial Dependence of the dpa in the SPVC at the K-Material
Location. The smooth curve is a least-squares fit of the
data to a simple exponential function (see text).

HEDL-58



RADIAL DISTANCE (INCH)

FIGURE HEDL-17. Radial Dependence of the dpa in the SPVC at the MO-Material

Location. The smooth curve is a least-squares fit of the
data to a simple exponential function (see text).

RADIAL DISTANCE (INCH)
FIGURE HEDL-18. Radial Dependence of the Fluence in the SPVC at the Center

of the Capsules. The smooth curve is a least-squares fit
of the data to a simple exponential function (see text).
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FIGURE HEDL-19. Radial Dependence of the Fluence in the SPVC at the

R-Material Location. The smooth curve is a least-squares
fit of the data to a simple exponential function (see text).
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FIGURE HEDL-20. Radial Dependence of the Fluence in the SPVC at the
3PU-Material Location. The smooth curve is a least-

squares fit of the data to a simple exponential function
(see text).
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FIGURE HEDL-21. Radial Dependence of the Fluence in the SPVC at the

F23-Material location. The smooth curve is a least-squares
fit of the data to a simple exponential function (see text)
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FIGURE HEDL-22. Radial Dependence of the Fluence in the SPVC at the
EC-Material Location. The smooth curve is a least-squares
fit of the data to a simple exponential function (see text)
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FIGURE HEDL-23. Radial Dependence of the Fluence in the SPVC at the

K-Material Location. The smooth curve is a least-squares
fit of the data to a simple exponential function (see text)
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FIGURE HEDL-24. Radial Dependence of the Fluence in the SPVC at the
MO-Material Location. The smooth curve is a least-squares
fit of the data to a simple exponential function (see text)
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FIGURE HEDL-25. Radial Dependence of the dpa in the PCA for the 8/7

Configuration. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).
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FIGURE HEDL-26. Radial Dependence of the dpa in the PCA for the 12/13
Configuration. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).
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FIGURE HEDL-27. Radial Dependence of the dpa in the PCA for the 4/12 SSC

Configuration. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).
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FIGURE HEDL-28. Radial Dependence of the Fluence in the PCA for the 8/7

Configuration. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).
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FIGURE HEDL-29. Radial Dependence of the Fluence in the PCA for the 12/13
Configuration. The smooth curve is a least-squares fit of
the data to a simple exponential function (see text).
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FIGURE HEDL-30. Radial Dependence of the Fluence in the PCA for the 4/12
SSC Configuration. The smooth curve is a least-squares fit
of the data to a simple exponential function (see text).
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FIGURE HEDL-31. Radial Dependence of the Ni1-Ductility Temperature Shift
for the R-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential

function (see text).
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FIGURE HEDL-32. Radial Dependence of the Ni1-Ductility Temperature Shift
for the 3PU-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential

function (see text).
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FIGURE HEDL-33. Radial Dependence of the Nil-Ductility Temperature Shift
for the F23-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential
function (see text).
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FIGURE HEDL-34. Radial Dependence of the Ni1-Ductility Temperature Shift
for the EC-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential
function (see text).
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FIGURE HEDL-35. Radial Dependence of the Ni1-Ductility Temperature Shift
for the K-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential
function (see text).
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FIGURE HEDL-36. Radial Dependence of the Ni1-Ductility Temperature Shift
for the MO-Material in the SPVC. The smooth curve is a
least-squares fit of the data to a simple exponential

function (see text).
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FIGURE HEDL-37. Radial Dependence of the Ni1-Ductility Temperature Shift

for the R-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-38. Radial Dependence of the Ni 1-Ductility Temperature Shift

for the 3PU-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-39. Radial Dependence of the Ni1-Ductility Temperature Shift

for the F23-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-40. Radial Dependence of the Ni1-Ductility Temperature Shift

for the EC-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-41. Radial Dependence of the Nil-Ductility Temperature Shift

for the K-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-42. Radial Dependence of the Ni1-Ductility Temperature Shift
for the MO-Material in the SPVC. The smooth curve is a

least-squares fit of the data to a simple linear function
(see text).
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FIGURE HEDL-43. Power Law Trend Curve for the R-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-44. Power Law Trend Curve for the 3PU-Material Using dpa as the
Exposure Variable.
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h IGURE HEDL-45. Power Law Trend Curve for the F23-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-46. Power Law Trend Curve for the EC-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-47. Power Law Trend Curve for the K-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-48. Power Law Trend Curve for the MO-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-49.

FIGURE HEDL-50
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FIGURE HEDL-51. Power Law Trend Curve for the F23-Material Using Fluence as
the Exposure Variable.

FLUENCE

FIGURE HEDL-52. Power Law Trend Curve for the EC-Material Using Fluence as
the Exposure Variable.
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FIGURE HEDL-53. Power Law Trend Curve for the K-Material Using Fluence as
the Exposure Variable.
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FIGURE HEDL-54. Power Law Trend Curve for the MO-Material Using Fluence as
the Exposure Variable.
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FIGURE HEDL-55. Logarithmic Trend Curve for the R-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-56. Logarithmic Trend Curve for the 3PU-Material Using dpa as
the Exposure Variable.
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FIGURE HEDL-57. Logarithmic Trend Curve for the F23-Material Using dpa as
the Exposure Variable.
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FIGURE HEDL-58. Logarithmic Trend Curve for the EC-Material Using dpa as
the Exposure Variable.
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FIGURE HEDL-59. Logarithmic Trend Curve for the K-Material Using dpa as the
Exposure Variable.
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FIGURE HEDL-60. Logarithmic Trend Curve for the MO-Material Using dpa as
the Exposure Variable.
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FIGURE HEDL-61. Logarithmic Trend Curve for the R-Material Using Fluence as
the Exposure Variable.
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FIGURE HEDL-62. Logarithmic Trend Curve for the 3PU-Material Using Fluence
as the Exposure Variable.
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FIGURE HEDL-63. Logarithmic Trend Curve for the F23-Material Using Fluence
as the Exposure Variable.
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FIGURE HEDL-64. Logarithmic Trend Curve for the EC-Material Using Fluence
as the Exposure Variable.
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FIGURE HEDL-65. Logarithmic Trend Curve for the K-Material Using Fluence as
the Exposure Variable.
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IFIGURE HEDL-66. Logarithmic Trend Curve for the MO-Material Using Fluence
as the Exposure Variable.
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FIGURE HEOL-67. Radial Dependence of the Uncertainty in Extrapolated dpa
for Surface Exposure Uncertainties of 5%, 10% and 15%.
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FIGURE HEDL-68. Radial Dependence of the Uncertainty in Extrapolated Fluence
for Surface Exposure Uncertainties of 5%, 10% and 15%.
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D. STATE-OF-THE-ART OF RADIOMETRIC NEUTRON DOSIMETRY FOR LWR-PV SURVEILLANCE
Raymond Gold, L. S. Kellogg and W. N. McElroy (HEDL) and
A. Fabry (CEN/SCK)

Objective

The objective of this work is to define the current state-of-the-art of rad-
iometric (RM) neutron dosimetry for LWR-PV surveillance.

Summary

International participation in the PSF benchmark has been used to assess the
worldwide status of RM neutron dosimetry for LWR-PV surveillance. In the
first two of these PSF experiments, involving mainly U.S. laboratories,
agreement was generally satisfactory, with nonfissile dosimeter results gen-
erally falling with 5% (la) and the fissionable dosimeter results falling
within +10% (la). Improved agreement was attained in the third PSF experi-
ment, involving mainly European 1aboratories, wherein nonfissile RM monitors
generally agreed better than 2% (la) and fission monitors generally agreed
to better than 5% (la).

Accomplishments and Status
1.0 Introduction

In LWR-PV 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 main-
tain this level of accuracy, reactor physics calculational and dosimetry
measurement results must routinely be in the same accuracy range or better.
It has been shown that this level of accuracy can be obtained, but only
through careful standardization, which includes interlaboratory program work
using benchmark (verification) facilities and extensive interlaboratory com-
parisons (Fa77,Gi78,Gr78c,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.
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The PSF startup experiments provided a unique set of benchmarks for comparing
RM dosimetry results from many laboratories, both nationally and internation-
ally. The geometrical scale and fluence levels of these PSF startup experi-
ments 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 (SDMF1)] (Ba84a,To82).

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

(RM-IIlI) -- The PSF 18-day high-power irradiation (Fa80a).

Table HEDL-43 identifies laboratories that participated in each of these
three (RM-I, RM-IlI, and RM-IIl) PSF startup experiments. RM dosimetry
aspects of these three PSF irradiations are described in Section 2.0 below.
Interlaboratory comparisons are provided in Section 3.0. Conclusions drawn
from these intercomparisons are then presented in Section 4.0.

2.0 Description of RM Neutron Dosimetry in PSF Startup Experiment

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 interlaboratory comparisons of RM results were
initially presented (Ke82,To82a). PSF irradiations RM-I, RM-Il, and RM-III
are described below in Sections 2.1, 2.2, and 2.3, respectively. Special
emphasis is given to the RM dosimetry aspects of these PSF startup
experiments.

2.1 RM-I -- PSF Surveillance Capsule Perturbation Experiment (SDMF1)

The RM-I experiment was included as a 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 HEDL-69 and HEDL-70. 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 HEDL-71. Figure HEDL-72 shows the dosimetry
arrangement in each capsule. Those dosimetry capsules labeled HF and HNF
contain the interlaboratory comparison samples. The HF capsules contain
bare or Gd-covered fissionable and Co/Al monitors, shown in Figure HEDL-70.
The HNF capsules have bare or Gd-covered nonfission wires, as shown in
Figure HEDL-69.
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TABLE HEDL-42

LABORATORIES PARTICIPATING IN PSF STARTUP EXPERIMENTS

PSF Experiment Participating Laboratories™
RM-| B&W, BMI, CE, GE, HEDL, SwRI, W
RM-II B&wW, BMI, CE, GE, HEDL, SwRI, W
RM-III 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 Netherlands Energy Research Foundation, Petten (Neth)
GE General Electric (US)
HEDL Hanford Engineering Development Laboratory (US)
PTB Physikalisch-Technische Bundesanstalt, Braunschweig (FRG)
SwR | Southwest Research Institute (US)
W Westinghouse (US)

2.2 RM-1I -- SCC-1 Experiment

The RM-II experiment was included in the first metallurgical simulated sur-
veillance capsule (SSC-1) experiment (Mc84b). Figure HEDL-71 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 HEDL-72. The HF compar-
ison samples were placed in Hole B-Block 38 and the HNF samples in Hole D
Block 37.

After both the RM-I and RM-Il irradiations, the assemblies were dismantled
at ORNL and the individual dosimeter capsules shipped to HEDL. The capsules
were opened and the individual dosimeters were identified by unloading
seguence and dosimeter weight or ID designation. AIll 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:

. Gradients in the neutron exposure.

. Self-shielding.

. Uncertainties in dosimeter mass.
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WELDED TOP
END CAP - SS

FIGURE HEDL-69. HEDL Surveillance Capsule - Nonfissionable Materials
(1 Set HEDL/Vendor/Service Laboratory Counting).

STEEL FILLER PLUG

CENTER BENT ALUMINUM SPACER SPRING WITH CUT EDGES

WELDED BOTTOM PLUG - SS
END CAP-SS
MACHINED ETCHED 1.D.

TUBING - SS CONTAINER - Gd SIX **NpO.

END CAP - Gd
SLIP FIT

WELDED TOP END CAP - SS

HEDL 8612-020.7

FIGURE HEDL-70. HEDL Surveillance Capsule - Fissionable Materials
(1 Set HEDL/Vendor/Service Laboratory Counting).
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SIMULATOR
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SIMULATED SURVEILLANCE DOSIMETERS VERTICALLY LOCATED THROUGHOUT
D CAPSULE ASSEMBLY (PERTURBED CASE)

- VERTICAL MICROTUBES

FOR FREE FIELD TRAVERSES
(UNPERTURBED CASE)

HORIZONTAL MICROTUBE HEDL 8812-020.10

FIGURE HEDL-71. PSF-SDMF Perturbation Test Experimental Configuration
(Horizontal Cut at Maximum Axial Flux).
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FIGURE HEDL-72 Axial Distribution of Dosimetry Sets in Simulated
Surveillance Capsule.
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FIGURE HEDL-73. ORR-SDMF 4/12 Configuration (SSC-1).
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These normalization factors were determined to an accuracy of better than
1.5% by counting at HEDL.

In addition to the dosimeter sets, laboratory participants were provided all
basic information concerning the dosimetry materials, as well as the irrad-
iation information provided by ORNL 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 (QA) information (Table HEDL-43), and the individual location and
time-history information (Table HEDL-44).

2.3 RM-IIl -- The 18-Day High-Power Experiment

For the RM-IIl experiment, different sources of RM materials were employed.
AERE and Rolls-Royce and Associates (RR&A, Derby, UK) supplied ORNL with
stainless steel capsules containing Fe, Cu, Ti, Ni, Nb, and Co/Al detectors
together with some prototype sapphire damage dosimeters. SCK/CEN Mol sup-
plied ORNL with interlaboratory steel and gadolinium capsules and with dif-
ferent sets of foils. The final mounting of the SCK/CEN capsules was done
at ORNL. Each capsule contained 6 Ag/Al, 6 Co/Al, 6 Nb, 6 Fe, 6 Ti, 6 Ni,
and 2 Cu foils. The gadolinium capsules were filled by ORNL with fission
detectors supplied by HEDL.

These AERE/RR&A and SCK/CEN capsules were located in the PSF 4/12 configura-
tion according to the specifications given in Table HEDL-45. Table HEDL-45
considers only those RM capsules that were afterwards used for interlabor-
atory comparisons by the European laboratories and HEDL.

Table HEDL-46 provides detailed irradiation histories for each RM capsule.
Because of loading and unloading procedures, the irradiation interval was
somewhat different for RM capsules at these different locations.

After irradiation, the interlaboratory capsules were dismantled at ORNL.
Part of the interlaboratory capsule content was sent to SCK/CEN Mol, the
remaining part being set to HEDL. SCK/CEN provided afterwards ECN-Petten
and PTB-Braunschweig each with a detector set of each irradiation location.
All detectors were counted by SCK/CEN before shipment to ECN and PTB.

The AERE/RR&A capsules were dismantled by AERE-Harwel1, and RM dosimeters
from these capsules were counted at both AERE-Harwell and AEE-Winfrith.

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

3.0 Interlaboratory Comparisons of RM Dosimetry
3.1 Comparison of RM Results from Irradiations RM-I and RM-II
In the RM-I and RM-Il experiments all participating laboratories used high-

resolution Ge or GelLi detectors in conjunction with 2048 to 8196 multi-

channel analyzer systems for analysis of the dosimeter gamma spectra. A few
of the participants also analyzed low-activity reactions [e.g., 63cu(n=>a)
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Dosimeter Form
235u 18.6 mil UO, Wire
238 2
u 17.5 mil UQZ Wire
237NP

19.7 mil Np02 Wire

P Batch
8.68 264C
9.62 ES-Z

4.92 HP-24

DOSIMETRY FOIL QA DATA

TABLE HEDL-43

(wt.X)

87.97
87.75

87.4

233

<0.005
<0.001

234

0.034(15

<0.001

Isotopic Ut. % (a.b)

235 236 237
99.89(1) 0.025(1)
0.0012(1) g o1
<0.0005 <0.0005 99.99(1)

The above foils are encapsulated In 0.0BS" 00 vanadium capsules (MO ppm Ta Impurity) wall thickness *0.006*.

Capsule lengths are: 235U - 0.190*. 238U - 0.310", 237Np - 0.340*.

Dosimeter Form Batch

NIw
20 mil Wire S.E.

(0.51 mm)

F .
e(C) 20 mil Wire 2

N
Cu 20 mil Wire CPO 3054
T.(») 20 mil Wire 139 W
ColAI~

20 mil Wire SRM 953

(~"Elemental, Isotopic and/or Impurity analysis provided by vendor.

,k.F19ures.

Isotopic

Natural

m

NI

Balance

0.0041

Fe

<0.0003

Balance

0.008

Cu

99.999
0.001

Assigned errors,

Target Element and Impurity Content (Wt.X)

TI

99.917

Co Al Ag Cr
<0.0001 <0.0001
<0.0058 0.0018
<0.0003 0.0002
0.0001 0.003
0.116 Balance

238
0.053(2)
99.999(1)

<0.003

Hq

<0.0002

0.0001
0.001

239

<0.003

Si

<0.0003

0.0001
0.005

l.e. (1), represents value error In the last significant

b QA also performed at HEDL. Values supplied by ORNL were confirmed within the error assignments.

JCjlmpurlty analysis performed at HEDL utilising activation analysis.
'dICo analysis was made at HEDL by spark source mass spectrometry.

Analysis was not made for Impurity products with t 1/2 hr.

Mn

0.02
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TABLE HEDL-44

IRRADIATION HISTORY AND LOCATION

FIRST ORR-SOMF IRRADIATION
(Perturbation Experiment)

SECOND ORR-SOMF IRRADIATION
(SSC-1 Experiment)

Start of Irradiation 1830 EST 1/31/80 Inserted Retracted or 0RSI Down
End of Irradiation 1530 EST 2/9/80 April 30. 1980 13:34 May 8. 1980 7:00
May 8. 1980  16:43 May 14. 1980 13:30
Total Duration 9.00 days
May 16. 1980  9:67 May 21, 1980 2:17
Nominal Reactor Power 30 Mw May 22. 1980  10:49 June 6, 1980  24:00
June 12, 1980 9:20 June 23. 1980 12:53

Irradiation can be treated as a square wave function

Sample Locations

(All times Eastern Daylight Time)

Nominal Reactor Power 30MW

X coordinate: TSB - 101.6 mm South of Core C|_

PVS - 101.6 im North of Core C*

T coordinate: Referenced to ORR Core A1 window:

TSB - 112.7 ma

PVS - 207.3 in*

T coordinate:

2 coordinate: Approximate location referenced between

Reference Core C|_(max1mun flux) rather than actual Core

C*and approximate location of mid-point of each replicate

sample group. Actual sample position depends

on sample

location within set and adjustments will be made later if

required.

Gadolinlu* Covered Capsules: HF-1, HF-2, HF-3, Hf-4,

HNF-1. HNF-2

Bare Capsules: HF-5. HF-6, HNF-3, HMF-4

X coordinate:

/ coordinate:

Sample Locations

HSF 38B A9.9 rm South of Core C*
HSNF 37D 47.2 mm North of Core CL

(individual dosimeter locations
vary from this mid point location)

Referenced to ORR A1 window
HSF 38B 133.0 na

(individual dosimeters may vary
by £ 1.1 mm)

HSNF 370 139.9 mm

Referenced to Reference Core C. (maximum flux)
rather than actual Core C. and mid point of
each capsule. Actual position of individual
HSF sanples may vary by + 1.1 mm

HSF 388 7.9 na
HSNF 370 -67.5 na



TABLE HEDL-45

LOCATION OF RM CAPSULES IN IRRADIATION RM-III

IRRADIATION LOCATION SAMPLE AXIAL HEIGHT ABOVE MIDPLANE (ram)
SSC INTERLABORATORY CAPSULE - 51
AERE/RR & A CAPSULE - 3-5
1/4 T INTERLABORATORY CAPSULE - 75
AERE/RR « A CAPSULE -122
FISSION DETECTORS 0
1/2 T INTERLABOPATORY CAPSULE - 75
AERE/RR & A CAPSULE -122
3/4 T INTERLABORATORY CAPSULE - 75
AERE/RR A A CAPSULE -122

TABLE HEDL-46

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

BEGIN EXPOSURE END EXPOSURE  TOTAL IRRADIATION EFFECTIVE IRRADIATION
LOCATION 1 ocAL TIME) (LOCAL TIME) TIME  ce) TIME AT 30 MW ¢s)
ssc OCT.27.1979 14h26 NOV.14,1979  8h55 1-5377 106 1.5105 106
1/4 T  OCT27.1979 14h26 NOV.14,1979 8h43 1-5370 106 1.5007 106
1/2 T OCT27.1979 21h11 NOV.14,1979  8h55 1.5134 106 1.4902 106
3/4 T OCT.27.1979 21hI8 NOV.14,1979 8h55 1.5130 106 1.4898 106
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60Co] using Nal(TIl) detectors. All nonfissile dosimeters were analyzed

nondestructively, but some of the participating laboratories destructively
analyzed the fissionable dosimeters in accordance with their routine surveil-
lance of the participants (because of the much higher activities of some of
the dosimeters than the routine surveillance sample activities normally
encountered).

An initial review of the individual preliminary results from RM-I and RM-II
was conducted. Outlying values were anticipated, but consistent discrepan-
cies as large as 60% were observed. Individual discussions were held with
each laboratory participant concerning these data and the possible discre-
pancies that existed. Analytical and calibration techniques, nuclear param-
eters 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 HEDL-47.

Final reported specific activities for the RM-I irradiation calculated to
end of irradiation (EOI) are listed in Tables HEDL-48 and -49 (not all par-
ticipants reported all reaction rates). To determine the range of values
that might be expected from the laboratories performing the analysis, the
participants' data were first scaled by the individual HEDL normalization
factor. The average value of this normalized set of data was obtained.
Maximum and minimum values were then determined relative to this average.
The maximum-to-minimum ratio is used as a range evaluation and is presented
in Table HEDL-50. Since absolute HEDL values are not given in Table
HEDL-50, the deviation between individual participant-measured activities
and HEDL-measured activities are presented separately in Table HEDL-51.

A comparison of the relative ratios listed in the vertical columns of

Table HEDL-51 demonstrates whether a particular laboratory appears to be
consistently biased. It would appear that Laboratory B is generally biased
low by *6% to 10% for nonfissile RM dosimeters. However laboratory C appears
to be generally biased high by -U% to 7% for nonfissile RM dosimeters, and

at the same time Laboratory C appears to be generally biased low by <\5% to
10% for fissile RM dosimeters. By reading across this table, one can observe

whether an apparent bias exists in the analysis of a particular dosimeter
reaction. It appears that the HEDL analysis of both the ®"Cu(n,a) and

AMTi(n,p) reactions appear biased low by *2% relative to the other
participants.

The RM results from participant laboratories from irradiation RM-Il are given
in Tables HEDL-52 and HEDL-53. Unfortunately, only three of the six partici-
pating laboratories reported results. Two separate sets of results are
reported by Laboratory C from measurements performed by two different indi-
viduals 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-II test would show improved correlations; and indeed
the deviation relative to HEDL (Table HEDL-54) indicate better agreement.

All comparisons with two of the three reporting participants fall within
-vt4%. Laboratory C still appears to be biased, though this time a low bias
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TABLE HEDL-47

IDENTIFIED PROBLEMS AND ESTIMATED 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

is indicated for the nonfissile RM dosimeters, while the RM-l irradiation
indicates a high bias.

3.2 Comparison of RM Results from Irradiation RM-III

RM dosimetry results (FaSOa) for irradiation RM-IIl (specific activities at
the end of irradiation) from the participating laboratories are shown in
Table HEDL-55. AIll these RM results have been normalized to the CEN/SCK RM
data. In addition, all RM results were corrected for the axial fast 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-IIl irradiation positions, namely
the SSC, 1/4-T, 1/2-T, and 3/4-T locations of the 4/12 configuration in the
PSF.

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.
Table HEDL-56 summarizes the B and C parameters obtained from these fits.
The 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-III
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-IIl participants. In order to intercompare
results, all reported data were rescaled using decay scheme parameters taken
from Zijp and Baard (Zi79).

HEDL-98



INTERLABORATORY COMPARISON OF RADIOMETRIC

FROM

TABLE HEDL-48

IRRADIATION RM-I

[Nonfission Foil Sets

Dosimeter Set HNF-1
Reaction Laboratory TF+5T
58N1(n.p) A 4.60

8 4.18
c 4.33
0 4.58
E(b) 4.44
f 4.430
(E*3)
46T1(n.p) A 5.72
B 5.00
c 575
D 5.68
£(b) 5.56
f 5677
(E+)
®"Cu(n,a) A 8.19
B 7.98
¢ 8.56
D 8.06
E<b> 7.82
F 8.444
<E*3)
5 Fe(n.p) A 6.86
B 6.27
¢ 6.89
] 6.79
E 6.70
F 6.650
(£¢3)
58FE(n>T) A 6.45
B
c
D
E(®) 6.62

4.493
4.497
4.8IC
4.486
4.512
4.510

5.59<e>

5.59
5.55
5.60
5.60
5.557

8.048
8.166
8.031

8.069
8.002
7.815

6.659
6.692
6.758
6.646
6.674
6.628

6.352
6.530
6.569
6.517
6.542
6.610

4.26
3.90
4.04
4.22
4.05
4.187

(E*3)

5.43
4.65
5.55
5.49
5.23
5.427

(E*1)

7.89
7.63
8.11
7.87
7.56
7.946

(£¢3)

6.67
5.93
6.58
6.45
6.40
6.289

(E-4)

6.71

6.62

(RM)

(DPS/mg @ EON)](a)

4.170
4.164
4.192
4.163
4.158
4177

5.371
5.40
5.30
5.37
5.343
5.33

7.688
7.509
7.870
7.730
7.714
7.789

6.633
6.608
6.573
6.600
6.622
6.560

6.688
6.630
6.627
6.654
6.674
6.540

HNF-2
TFTT

8.17

7.30

7.98

7.97

7.79

8.243

(E*3)

1.22
1.07
1.24
1.23
1.16
1.206

(E*D)

1.90
1.88
2.02
1.92
1.84
1.994

(£43)

1.26
1.15
1.27
1.25
1.21
1.242

(£43)

8.32

8.78

7.984
7.986
7.968
8.045
8.016
8.027

1.154
1.157
1.159
1.163
1.170
1.141

1.880
1.854
1.864
1.864
1.851
1.886

1.233
1.245
1.248
1.234
1.260
1.239

8.746
9.067
9.104
8.950
9.049
8.948

DATA

HNF-4
TTATT

7.73

6.78

7.43

7.50

7.32

7.728

(£43)

1.17
1.11
1.21
1.17
1.11
1.175

(E™)

1.91
1.82
1.90
1.82
1.78
1.935

(£43)

1.23
1.08
1.25
1.20
1.18
1.160

(Ee4)

2.29

2.32

7.480
7.470
7.493
7.465
7.472
7.438

1.119
1.125
1.122
1.119
1.107
1.130

1.825
1.787
1.784
1.814
1.819
1.811

1.155
1.168
1.194
1.182
1.172
1.183

2.246
2.241

2.240
2.244
2.247
2.249

(*)Th« first colum under each heading are those data reported by the participants, with any subsequent correc-
Results are to exponent in

tions made by HEDL.
parenthesis [e.g.,

*,'The participant reported the specific activity as per mg target

reported values,

Ic)Only two absolute counts were made on these sets.

All of the samples

non-callbrated system for determination of the relative ratios.
counted on both systems and absolute values were than calculated for the remaining samples in the sets.

HEDL-99

The second colunei of data is the corresponding HEDL analysis.
4.60 (E+5) reads 4.60 x 105].

Isotope. For comparison with the other
the reported numbers were multiplied by the atom fraction used by the participant.

In these sets were counted on a

Correlations were made between those samples



TABLE HEDL-49

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM)
IRRADIATION RM-I

DOSIMTM
StT
HF-J

Iff-<

Iff-6

Iff-1

Iff-2

Iff-1

Iff-2

TMTMOO®>» MMOO-=» MTMOO®PH» TMMOO = >

O =

(2]

(2]

(2]

[Fission Foil

(b)
(b)
©)

(b)
(b)
(c)

(b)
(b)
(c)

(b)

<b>

(c)

(bl
(bl

(b)
(b)

(b)
(b)

(b)
(b)

FROM

IWfc
(£45)
252 2520
25.82
28.58
2BA 2551
232 28.85
28.98
361 329.8
326.5
330.9
29B 328.5
3a 335.3
327.2
3.3B  3.i09
3.555
3.897
3.32 3.586
3.37 3.561
3.670
123. 126.7
121.9
121.9
106 128.8
111 127.7
130.3
tF*S)
11.2  11.08
11.80
11.67
11.0 11.75
10.3 11.61
10.5 11.12
1.35 1.307
1.375
1.806
131 1.3a
1.20 1.382
1.27  1.310
(F*81
a.8 16.90
16.98
.67
16.8 16.86
16.0 16.95
171 a-16
279 2.7a
2.780
2.695
2.65 2.792
2.89 2.679
2,78 2.7a

Sets

nsVIH.r) m

105%,
fF*8» (£451
51.3 88.73 68.0 63.52
89.71 68.5 68.50
80.9 87.06 53.8 61.73
86.9 88.88 67.0 63.81
88.1 87.68 60.6 62.37
87.95 62.92
651 601.3 858 812.0
588.7 668 780.8
680 602.6 875 800.6
528 580.2 788 770.6
605 595.8 787 810.8
586.1 781.9
6.72  6.505 8.89 8.699
6.583 8.50 9.101
6.15 6.5H 8.02 9.059
6.87 6.681 9.25 9.259
6.77 6.562 8.39 9.155
6.666 9.3a
228 218.3 308 298.7
202.9 267 278.9
208.0 250 277.8
193 210.2 290 285.6
215 212.9 V» 293.3
a8.7 296.8
237Tn>(».f)
<r«<) 1£8U_
88.5 83.18 271 a.27
88.a 30.7 a.76
39.6 83.10 28.8 27.26
81.8 83.71 28.8 =.66
83.2 83.60 26.1 a.30
39.7 81.38 25.6 25.98
528 5.033 3.a 3.167
5.032 3.81 3.236
8.79 5.187 3.16 3.318
512 8.975 3.52 3.185
8.99 5.159 3.a 3.210
8.92 5.080 3.18 3.220
(F*8l1 (E+11
7.06 6.693 35.5 38.98
6.823 35.9 38.99
6.71 7.011 38.8 36.52
6.86 6.587 36.3 33.88
6.79 6.759 38.2 35.10
6.51 6.865 38.1 35.68
111 1.070 0.572 0.58a
1.056 0.596 0.5708
0.9a 1.033 0.558 0.5802
1.08 1.057 0.616 0.5887
1.01  1.036 0.530 0.5676
1.08 1.059 0.555 0.5750

(=) TNC A»%J coLim umu EACH HCAAIM A«( THOM DATA ttroAico »r TMC
CMAICTIM. INS IECOMO COLUTIK It TNC CSAAttrONOINe HEX DATA. Txc vaauc 11l TAACNt (E5) 1t ™™
UTONCNT TON TNC BATA roll.ONINC IT ( (E«5) 25.2 tMxu Has 2S.2xlIr ).

(b) COAOICTIONt MM NABC TOO CICNCNTAI AMO ItOIOTIC COnOOHTIOH.

(c) CoootCTION IWM TOO Co ALLOT COMTINT

HEDL-100

(DPS/mg @ EOI)]

137Ct
(F»3)

31.6
35.5
35.8

870
535
862

8.57
8.69
8.87

156
152
167

1£12i

16.9
18.6
a.6
18.5

2.11
2.00
2.13
2.a

(Eo!>

28.8
23.6
25.8
25.8

3.78
8.15
3.81
8.02

DATA
s,Co(N.r)
(£+51
38.0 33.06
32.3 3281
35.5 53.08
31.6 31.26
33.9 3329
30.6 30.93
172 171.9
161 173.9
188 173.0
168 169.7
165 167.7
172 172.9
8.08 3.989
3.90 3.973
8.33 8.019
8.08 3.978
3.98 3.871
8.110 8.058
529 51.89
88.8 53.75
58.0 58.33
57.2 55.15
52.8 53.06
58.8 57.85

mtw A«T KCCOAAAT



L0L-1d3H

Sensort*5)

Set No.

HNF -
HNF -
HNF -
HNF -

HNF -
HNF - -

HF - 3
HF-5
HF - 4
HF - 6

HF - 1

HF - 1
HF - 2

BN w

&~ D w

Ratio 1

1.14 CB
1.28 CB
1.25 C/B
1.28 C/B

Ratio 1

1.15 C/A
1.02 C/E
1.23 C/A
1.12 CIE

Ratio 1

1.06 AJE
1.19 ADD
1.05 AD
1.13 ADD

Ratio 1

1.10 A/F
1.13 AE

Ratio 1

1.09 ADD
1.09 AJE

RANGE EVALUATION

58Ni(n fg)
Ratio 2 Ratio 3 Labs
1.10 DB 1.06 D/C 6
1.09 A/B 1.05 AIC 6
1.13 F/B 1.06 F/E 6
1.14 F/B 1.06 F/E 6
88Fe(n >y)
Ratio 2 Ratio 3 Labs
103 EA 103 EA 0
1.02 A/E 1.02 AJE 3
1.04 E/A 1.04 E/A 3
1.01 AJE 1.01 AE 3
235U(n,f)140Ba
Ratio 2 Ratio 3 Labs
— — 3
-— — 3
3
J— 3
237Np(n,f)140Ba
Ratio 2 Ratio 3 Labs
— 1.04 AD 4
— 4
238U(n,f)140Ba
Ratio 2 Ratio 3 Labs
— 1.04 D/E 4
-— - 4

Ratio 1

1.39 CB
1.48 C/B
1.42 CB
1.41 C/B

Ratio 1

1.19 CD
1.73 CID
1.30 C/D
1.43 CD

Ratio 1

1.37 CIF
1.27 CIF

Ratio 1

1.44 CIF
1.27 CIF

(a) Four vendors and two service laboratories participated
identified only as Laboratories A, B, C, D, E and F.(6)

Ratio 2 was obtained after discussions with participants and subsequent reworking of data by participants.
nonfissile sensors, the results from Laboratory B appeared to be consistently biased low and were, therefore, not used.

fissile sensors, if a participant appeared to be definitely biased, those results were not used in Ratio 3.

(MAXIMA/MINIMA)

TABLE HEDL-50

46Ti(n,sP)
Ratio 2 Ratio 3
1.16 C/B 1.04 CIE
1.21 C/B 1.04 C/A
1.19 C/B 1.08 C/E
1.09 C/B  1.08 CIE

235U(n,f)103Ru

Ratio 2 Ratio 3
1.22 AIC 1.08 A/D
1.19 C/D 1.07 CIE
1.09 A/IC —
1.14 A/D -_—

237Np(n,f)'83Ru
Ratio 2 Ratio 3

111 AIC —
112 AFF —
238U(n,f)103Ru

Ratio 2 Ratio 3

1.11 AF -
1.07 AE -

in this test. All

Labs

o O o o

Sensor

Set No.

HF - 3
HF -5
HF - 4
HF-6

Labs

P

Labs

labs

OF RESULTS FROM

Ratio 1

1.11 F/B
1.05 C/E
1.06 C/E
1.08 C/E

Ratio |

1.15 C/B
1.15 C/B
1.06 F/B
1.23 C/B

Ratio !

1.09 D/C
1.51 C/B
1.13 DIC
1.15 CIE

Ratio 1

1.16 AJE
1.14 D/F

Ratio 1

1.16 C/F
1.13 DIE

IRRADIATION RM-I

63Cu(n,
Ratio 2 Ratio 3 Labs
N 1.09 F/E 6
1.06 C/E 6
1.09 CIE 6
1.09 F/E 6
59Co/Al(n,T)
Ratio 2 Ratio 3 Labs
1.09 C/B 1.06 C/F 6
1.11 C/B 1.04 C/D 6
1.09 C/B 1.05 C/F 6
1.17 C/B 1.07 CIE 6
235U(n,f)98Zr
Ratio 2 Ratio 3 Labs
1.22 0/C 1.08 D/E 5
1.29 C/B 1.12 CIE 5
1.14 D/C 1.07 AIC 5
1.11 AC 1.07 A/B 5
237Np(n,f)95Zr
Ratio 2 Ratio 3 Labs
1.21 B/C 1.16 A/E 6
-— 6
238U(n,f)95Zr
Ratio 2 Ratio 3 Labs
1.13 D/C 1.06 B/F 6

— 6

Ratio 1

1.38 C/B
1.27 CB
1.46 C/B
1.43 C/B

Ratio

Ratio 1

Y
[V
=
o

54Fe(n p)
Ratio 2 Ratio J
1.11 C/B 1.04 C/F
1.10 A/B 1.04 AF
1.12 A/B 1.06 AJE
1.13 C/B 1.04 C/F

235U(n,f)137Cs
Ratio 2 Ratio 1

1.11 EIC —
1.31 C/ID —
1.05 F/C -
1.07 EID

237U(n,f)137Cs
Ratio 2 Ratio

1.09 DIC —
1.12 F/D

238U(n,f)137Cs
Ratio 2 Ratio 3

1.08 EIC —
1.06 D/E —

laboratories remain anonymous for these intercomparisons and are

The table evaluation shows the present laboratory-to-laboratory comparative status
but also shows the improvement in the data comparisons (Ratios 2 and 3) as a result of interim evaluations and discussions with participants.

For Ratio 3, and for the case of
In the case of the

(b) HNF-X and HF-X are sensor set identification numbers for specific perturbed locations in 1-in. x 1-in. stainless steel simulated surveillance
capsules for this first PSF-SDMF test.
(c) Results for the 58Fe(n,Y) reaction were not reported by one laboratory after preliminary recalibration of their counting system.

Labs

o o o o

Labs

w W w w

Labs

Labs



¢01-1d3H

Set ID

HNF-1

-3

-2

-a

HNF-1

-3

-2

HNF-1

-3

-2

HNF-1

-3

-2

-4

HNF-1

-3

-2

-a

HNF-3

-S

-4

-6

*The deviation cited

Retctlon A

““HKn.p) 2.38

2.16

2.33

3.34

<6T1(n,p) 233
1.10
5.72
4.56
63Cu(n,«) 1.76
2.63
1.06
4.66
3.02
0.56
2.19
6.49
““Fefn.y) 1.54
3.29
-4.87
1.96
59Co(«.T) 284
0.06
2.28

1.95

- 7.05

- 6.34

- 8.59

- 9.24

-10.6

-13.9

-7.52

-1.33

-3.38

1.61

1.40

1.85

-6.31

-10.26

-7.63

-7.53

-1.55

-7.42

-1.84

-9.21

DEVIATIONS
LABORATORY
C 0
-3.99 2.10
-3.63 1.37
0.15 -0.93
-0.84 0.47
3.60 1.43
4.72 2.23
6.98 5.76
7.84 4.56
8.59 -1.12
3.05 1.81
8.37 3.00
6.50 2.00
1.95 -3.73
0.11 -2.27
1.76 1.30
4.69 1.52
7.45 1.09

6.36 -1.00
7.74 1.56

6.76 3.72

is (X/HEDL-1) given

TABLE HEDL-51

OF RM RESULTS FROM IRRADIATION RM-I*

LABORATORY

E F Set ID Reectlon A 8 [ D E
-1.60 -1.77 HF-3 235U(n.N1408. 0.00 - 435 _ 668
-2.60 0.24 HF-5 9.46 - 9.40 - 4.26
-2.82  2.69 HF-4 9.39 - 742 _ 536
-2.03 3.90 HF-6 -2.92 1479  -13.08
-0.71 2.16 HF-3 235U(n,f)103Ru 5.27 -13.09 - 3.18 0.88
-2.11 1.82 HF-5 8.27 6.21 - 9.00 1.54
-0.85 5.26 HF-4 3.31 - 5559 - 257 3.17
0.27 3.98 HF-6 6.39 - 6.37 - 8.18 0.99
-2.27  8.05 HF-3 235U(...N95zr 0.76 0.00 -13.49 4.99 - 2.84
-2.00  2.01 HF-5 5.67 -14.40 9.29 226 - 3.31
0.59 5.73 HF-4 -2.40 - <i.49 -11.47 - 0.10 - 8.36
214 685 HF-6 3.16 - 11.78 - 6.99 1.54 - 522
0.39 -5.37 HF-1 237Np{n.N140B« 1.27 - 6.38 -11.28
-3.35 -4.13 HF-2 3.20 - 091 -13.29
-3.96  0.24 HF-1 237Np(n.NH103Ru 3.06 -31.26 - 4.37 - 0.92
0.68 -1.94 HF-2 4.11 - 6.94 291 - 3.28
1.19 HF-1 237Np{n.f95Zr -0.22 10.59 - 9.06 4.12 - 4.40
0.81 HF-2 1.99 1i.38 - 476 10.83 - 2.80
-2.97 HF-1 238U (IVI)140B. 2.96 - 219 _ 5.60
3.25 HF-2 0.65 - 040 - 7.05
1.83  -1.07 HF-1 238U(n-N103Ru 5.48 - 420 - 1.93 0.46
-1.61  -0.52 HF-2 3.74 1.65 208 - 2.51
2.82 1.28 HF-1 238U(n.0952r 1.72 i1.60 - 5.81 8.55 - 2.56
-0.49 2.35 HF-2 -1.58 *1.41 - 3.83 535 - 6.62
in percent, where X represents the participant laboratory

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

-5.58

-3.05

«4.06

-2.38

-1.46

-1.24

-0.35

-1.33

-5.17

-1.79

1.37

-3.48



TABLE HEDL-52

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FROM IRRADIATION RM-II
[Fission Foil Sets (DPS/mg @ EOI)]*™**

238U(n,f)
Dosimeter
Set Laboratory 14(ka(n,f) ,O03RU( Nn.f 952Zr( n.f 137Cs( N,
(E+5) (E+5) (E+5T (E+2)

HNF-38B A 3.064 2.05 2.003 1.15 1.159 10.95
B . 3.153 2.053 1.207 10.92
C-l 2.863 1.74 1.975 1.01 1.142 9.40 11.30
C-2 1.80 1.05 (1.16) 9.68 (10.4)
D 3.093 1.998 1.163 10.3 10.16
E 3.089 2.034 1.183 10.96
F 2.989 2.022 1.174 10.50

237
Np(n,f)
140Ba(n,f) ,O3RUyY( n.f 95Zr( n.f ,37Cs( n,f
(E+6) (E+5) (E+5) (E+T)

HNF-38B A 2.017 1.36 1.315 9.42 9.571 8.368
B o 1.956 1.287 9.375 8.156
C-l 2.097 1.22 1.351 8.72 9.793 7.82 8.484
C-2 1.21 8.65 (9.24) 7.73 (8.37)
D 2.005 1.302 9.431 8.31 8.169
E 2.081 1.310 9.456 8.591
F 2.088 1.332 9.602 9.308

*The first column under each heading lists data reported by the participants,

the second column lists HEDL data. Result exponents are given in parens
[e.g., 3.064 (E+5) should read 3.064 x IO”].

*Two individuals ran separate analyses for this laboratory and both values are
reported. The values in parens are from recent counts.
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TABLE HEDL-53

INTERLABORATORY COMPARISON OF RADIOMETRIC (RM) DATA FROM IRRADIATION RM-II
[Nonfission Foil Sets (DPS/mg @ EOD]*

. Reaction
DOSSgtnGter Laboratory 58Ni( n,p) "Cu(n.a) 54i:‘e( n,p)
(E+6) (E+2) (E+4T
HSNF A 1.16 1.144 2.41 2.389 2.06 2.020
B . 1.137 2.377 2.016
C-l 1.03 1.138 2.31 2.399 1.87 2.019
C-2 1.06 2.35 1.95
D 1.13 1.141 2.43 2.386 2.01 1.995
E 1.141 2.400 2.011
F 1.132 2.384 2.003
58Fe( ny) 59Co( nY)
(E+6) (E+2)
HSNF A 1.82 1.818 1.40  1.382
B 1.825 1.381
irk
C-l 1.79 1.836 1.33 1.390
C-2 1.84 1.37
D 1.84 1.801 1.42 1.397
E 1.828 1.383
F 1.836 1.834

*The first column under each heading lists data reported by the participants,

the second column lists HEDL data. The number in parens is the exponent for
those numbers following [e.g., 1.16 (E+6) should read 1.16 x IO”].

*Two individuals ran separate analyses for this laboratory and both values are
reported.
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TABLE HEDL-54

DEVIATIONS OF RM RESULTS FROM IRRADIATION RM-II*

Reaction Laboratory
A B— D
58Ni(n,p) 1.40 -9.57 -6.85 -0.96
63Cu(n,a) 0.88 -3.71 -2.04 1.84
54Fe(n,p) 1.98 -7.38 -3.42 0.75
88Fe(n.y) 0.11 -2.51 0.22 217
59Co(n,y) 1.30 -4.32 -1.44 1.65
33*Np(n,f )"*3Ru 3.42 -9.70 -10.4
95zr -1.58 -10.9 -5.6
137Cs -7.83 -1.34 1.73
338U(Nn,f)183Ru 2.09 -11.9 -8.86
95zr -0.78 -11.6 1.58
137Cs -16.8 -7.96 1.38

*The deviation cited is (X/HEDL-1) given in percent, where X represents the
participant laboratory RM result and HEDL represents the RM result obtained
by HEDL.
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TABLE HEDL-55

SPECIFIC ACTIVITIES MEASURED BY THE PARTICIPATING LABORATORIES
IN IRRADIATION RM-III

SPECIFIC ACTIVITIES RELATIVE TO SCK/CSN

nr RECOMMENDED
INTERLA30RATORY SPECIFIC
REACTION AERE/RE & >
CAPSULE / A CAPSULE activites °
ORr s'1)2*
ECN PTB (AERE)! (2) (AERE)2 (2) )
93>lb (n, a' ) 117 102 2.062 1C7 g
53ni(n,p) 1.01 1.09 1.05 7.242 108 3 g
51*F «(n,p) 1.01 1.00 1.07 1.10 o o 43
46Ti(n,p) 0.99 1.02 1.12 1.0? 8.503 106 g5 3
63cu(n,«) 1.02 1.01 0.99<3) 1.201 105 1.4
(1.29) (1.05)
, 95Zr 0.97 0.98 3.437 107 1.6
237Np(n,f)Y{ ,T_
{t i37cg 0.96 0.98 2522 105 59
23eU(n,f) | 95zr 0.95 0.98 3.508 106 26
1 137Cg 0.99 0.97 2.738 104 44
< A5lib(n1N’) 1.00 1.330 106 0.3
"~ B5®Ni(n,p) 1.00 1.00 1.07 1.03 4.472 107 4 4
54F «(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 5851 05 4.9
®3Cu(a ,a) 1.01 1.01 i.oi(3) 9.206 ic3 5
(1.15) (1.08)
AHb(n,n") 0.85 6.643 105 448
5®HI(n,p) 0.99 1.09 1.02 1.721 107 4.4
H
i 94F»(n.p) 0.97 1.00 1.10 1.10 2.606 103 6.0
4®Ti(n,p) 0.98 1.02 1.13 1.07 2.161 103 58
63Cu(n ,a) 1.0J 1.02 1.02(3) 3.465 105 49
d.37) (1.30)
~ .
Nb(n,n ) 0.84 3.338 105 119
(n,p) 1.00 0.99 1.07 1.00 6.310 106 3 g
AFgtn.p
- g ) 1.00 1.00 1.10 1.07 9.306 104 4 7
KN 46Ti(n.p) 0.96 0.98 (0.76) 1.01 7.566 104
~Cu(a,a) 1.00 1.01 1.02(3) 1.245 icA g g
(1.46) (1.27)

(1)RR&A: Rolls Royce and Associates.
(2)(AERE)-|: Measurements performed at Harwell; (AERE)2: Measurements

C?erforr_ned at Winfrith.
(3'Cu foil from interlaboratory capsule.
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TABLE HEDL-56

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

IRRADIATION LOCATION B (am ") C (ram)

SSC 4.42 10-3 _ 454

/A T 3.34 1Q-5 - 20.6

1/2 T 2.82 10~-3 _ 4.9

3/4 T 2.80 10°3 3.0

The agreement between SCK/CEN, ECN, and PTB is excellent -- in general,

better than 2% for all nonfission detectors and better than 5% for the
fission detectors. The agreement between the (AERE)] and (AERE)2

results is reasonable: the (AERE)-] results are, on the average, 4% to 5%
higher than the (AERE)2 results, while the average difference for the Cu
detectors is about 10%. The observed differences for 9%b(n,n') are

somewhat larger than could be expected, taking into account the results from
a recent niobium intercomparison (To82).

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

deduced from the detectors in the inter!laboratory capsules: 5% to 10%, on
the average, for the 58Ni(n,p), the "Fe(n,p), and the 4°Ti(n,p) reactions,

while a difference of *25% is noted for ®"Cu(n,a) reactions. These °3Cu
differences are apparently not due to a bias in the calibration of the
counting equipment of the participants, since a round robin of Cu detectors

of the interlaboratory capsules resulted in an excellent agreement — better
than 3% (see Table HEDL-55). Preliminary investigations indicate also that

local fast neutron flux perturbations, created by the dosimetry capsules,
can be excluded, so that a major reason for the observed 5% to 10% differ-

ences could not be identified. The hi%h specific activities from the
°ACu(n,a)°’®Co reaction in the AERE/RR&A capsules are probably due to Co

impurities in the Cu material.

The overall uncertainties on the measured specific activities, as quoted by

the different laboratories, are given in Table HEDL-57. The uncertainties
are on the order of 1.5% to 3% for most reactions, except 93Nb(n,n").

The recommended specific activities (Table HEDL-55) at the end of the
irradiation 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 55).
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TABLE HEDL-57

OVERALL UNCERTAINTIES ON THE MEASURED SPECIFIC ACTIVITIES

UNCERTAINTY (1 o) IN %

REACTION
ECN PTB AERE SCK/CEN
, 95Zr 2.9 1.7 2.1
2-57Np(n,f) {
L '127¢6 59 1.4 2.0
askun.pn | P 2.9 2-5 2.1
2.9 1.4 2.0
~"Nb(n,n’) 5-6 4.6 4.5
~Ni(,p) 2.6 1.5 3-4 1.9
~'Fe(n,p) 2.2 1.5 2.4 1.9
' i1(.p) 2.5 1-5 3-2 1.9
°~Cu(n .a) 2.7 1.5 3.2 1.9

The results of the thermal dosimeters are not discussed in this paper since
they are of less importance to the PCA/PSF program. These thermal RM results
were only used to determine minor corrections such as the 58c0 and 5°Com

burnup of the Ni detectors.
4.0 Conclusions

While the agreement among the majority of the laboratories participating in
the RM-I and RM-Il interlaboratory comparisons is generally satisfactory,
with nonfissile 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-PVS surveillance
dosimetry. Improved agreement was attained in the RM-IIl experiment,
wherein nonfissile 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 both analytical and calculational techniques must be conducted on
a periodic basis by all of the 1aboratories. In addition, it is recommended
that each laboratory review and utilize, where possible, the appropriate
ASTM Standard Methods and Guides, maintain system calibration and/or control
documentation, and continue in this or similar programs using existing
benchmark facilities for verifications and direct correlations.
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In the RM-I and RM-II 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-IIl experiment, systematic problems were uncovered with Cu and Nb

dosimeters. Any Co impurity in the Cu dosimeters can seriously comprise
results. As stressed in earlier dosimetry work with Nb [To80], more accur-
ate cross-section data are needed for the “Nb(n,n') reaction.

An important distinction between the RM-I and RM-Il intercomparisons and the
RM-IIl intercomparison must be stressed. The use of HEDL-determined normali-
zation factors reduces the RM-I and RM-IlI tests to essentially an inter-
laboratory comparison of absolute gamma-ray counting measurements. However
in RM-III, factors that arise in the use of dosimetry materials from dif-
ferent 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 one- and two-year metallurgical irradiations will be used to obtain an
addition intercomparison of the type treated here in the RM-Ill test. This

work will be reported in the forthcoming NUREG/CR-3320 Vol. 3 report on the
PSF Physics-Dosimetry Program.

Finally, these tests and intercomparisons establish a clear and significant
difference in accuracy between fissile and nonfissile 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
fission monitors and 23/|\|p crucial in LWR-PVS dosimetry. The higher
uncertainties of fissile RM dosimeters relative to nonfissile RM dosimeters
(by about a factor of two) are just barely acceptable given the goal accura-
cies of LWR-PVS work. Indeed, there is no fundamental reason that fissile
RM dosimeters must possess such considerably higher uncertainties. If any-
thing, these two threshold RM fissile dosimeters generally possess as accu-
rate or more accurate integral cross sections in standard neutron fields
than do the fast neutron nonfissile RM dosimeters (Fa76,Gi85,Ma82,Ma82b).
Consequently, additional work is clearly needed to resolve systematic
effects that are adversely impacting the accuracy of RM dosimetry with
fissile monitors.

Expected Future Accomplishments
This work will be extended and updated for incorporation in the forthcoming

NUREG report on the PSF, namely. The PSF Start-Up Experiments, NUREG/CR-3320,
Vol. 2.
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E. SYSTEMATIC EFFECTS IN THE PSF DATA BASE
Raymond Gold and W. N. McElroy (HEDL)

Objective

To explain left-right asymmetries observed in material tests of PV steels in
the PSF experiment.

Summary

A difference in transition temperature and upper-shelf energy has been
reported between specimens irradiated on the left- and right-hand sides of
the PSF metallurgical assembly (Ha84,Ha84a). These metallurgical experiments
were reviewed to determine whether left/right asymmetries in the irradiation
environment could be responsible for the observed left/right differences.
This review concludes that environmental variables are, in all probability,
responsible for the observed left/right differences. For the transition
temperature measurements, differences in the in-situ irradiation temperature
exist. In the case of the upper-shelf energy measurements, a systematic
variation in exposure underlies the observed asymmetry.

Accomplishments and Status

Adequate dosimetry is the underlying foundation for quantitative investiga-
tions of radiation effects in materials. Implicit in such effects is the
fact that dosimetry measurements must be properly interpreted. Because of
the complexity of such investigations, alt environmental variables should be
considered in the analysis of experimental results (Gose).

A difference in the transition temperature has been observed between the set
of specimens irradiated on the left and right side of the PSF metallurgical
assembly. This observed left-right difference is not manifested by all
materials used in the PSF experiment (Ha84,Ha84a). This behavior pattern
has been attributed to some (unknown) effect of specimen location in the
parent plate (Ha84a). At the same time, left-right neutron fluence dis-
similarities have been ruled out as a cause (Ha84a). However, Hawthorne
also states (Ha84a): "The anomaly is compounded by the fact that the speci-
mens for individual capsules were intentionally randomized within the total
specimen complement to avoid introducing any across-plate bias.” Conse-
quently, one can surmise that the most likely cause for the existence of
these left-right differences may still be left-right asymmetries of the
irradiation environment.

To further investigate this effect, metallurgical data reported for the
transition temperature upper-shelf energy (USE) and lateral expansion (LE)
(Ha84,Ha84a) have been qualitatively examined for left-right asymmetry.
Results obtained from visual inspections of these data are summarized in
Table HEDL-58. This table contains only those cases where a discernable
left-right difference is believed to exist. In a subset of these cases, a
left-right asymmetry could not be unambiguously discerned. For these
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particular cases, a question mark has been affixed to the asymmetry identi-
fied in Table HEDL-58. While the question mark signifies an uncertainty as
to whether a left-right difference exists, it nevertheless implies that if

such a difference were to exist, the asymmetry is in the direction listed in
Table HEDL-58.

It can be seen that asymmetries that do exist in the PSF data have an over-
whelming preference for the right group of specimens to possess higher
transition temperatures, lower USE values, and higher LE values. Given that
material specimens have been randomly placed in these PSF irradiations, one
would expect a random result between left-right asymmetries, i.e., a nearly
equal frequency in the behavior pattern between the left and right groups.
The bias in the behavior pattern that is manifested here implies that this
asymmetry effect does not originate in the properties of the material
specimens irradiated, but rather lies in differences in the irradiation
environment.

Tne largest left-right asymmetry in the PSF data is that exhibited by the F23
material in the SSC-1 irradiation. While there was no exposure asymmetry
for this material in the SSC-1 irradiation, there definitely was a left-right
difference in the in-situ irradiation temperature. The thermocouple measure-
ments reveal that the left group of F23 specimens was irradiated at a higher
temperature in the SSC1 irradiation. This left-right temperature difference
ranges from 1°C up to 7°C, with an average left-right temperature difference
of roughly 4°C. Such a temperature difference explains most if not all of
the 8°C left-right difference in transition temperature observed for the F23
material in the SSC-1 irradiation. In fact, it has been estimated that the
transition temperature increases roughly 0.5 to 1.5 degrees per degree
decrease in irradiation temperature (Mc86b).

Some of the other left-right asymmetries observed in the PSF data could also
be due to differences in irradiation temperature. Examination of the PSF
temperature data reveals that three additional asymmetry cases listed may
possibly be explained oh the same basis, namely the 3PU material in the
SSC-1 irradiation, the 3PU material in the W1 irradiation, and the MO
material in the SSC-1 irradiation. However, in these three cases, the
asymmetries are smaller and the corresponding left-right differences in
irradiation temperature are smaller.

While differences in irradiation fluence have generally been ruled out as a
contributing factor to these PSF asymmetries, correlations with irradiation
fluence or dpa may still exist because many specimens need be tested to
generate a Charpy curve. The 3PU material in the SSC-1 irradiation is a
good illustration of this point. Table HEDL-59 shows there was essentially
no difference in irradiation dpa between left and right specimen groups.
However, as shown in Table HEDL-59, a variation of dpa exposure from about
0.038 down to about 0.034, or roughly 12%, exists within both the left and
right specimen groups. Such a variation could affect the shape of the
deduced Charpy curve, unless care is exercised in the selection of the test
temperatures used with different specimens. Ideally, one should correct

HEDL-111



individual specimen results for known differences in irradiation exposure

and thereby generate a Charpy curve that corresponds to a specific irrad-
iation dpa (Mc86d).

This kind of inadvertent correlation actually shows up more strongly in the
USE data. In fact. Table HEDL-58 reveals that the frequency of left-right
asymmetries is slightly higher in the USE as opposed to the transition tem-
perature results. A close inspection of PSF measurements (Ha84,Ha84a) dis-
closes that a left-right difference did exist in the irradiation exposure of
specimens tested in USE temperature regions. Although the magnitude of this
left-right exposure difference varied from one material to the next, the
left group of specimens invariably possessed a higher dpa irradiation. In
all materials that exhibit this USE left-right asymmetry, USE values are
larger at higher dpa exposure, except for the 3PT material that exhibits the

opposite correlation.
Expected Future Accomplishments
This analysis together with any additional studies of the PSF data will be

issued in NUREG/CR-3320, Vol. 4, "PSF SSC/SPVC Experiments and Blind Test,"
which is scheduled for publication in FY-87.

HEDL-112



TABLE HEDL-58

LEFT-RIGHT DIFFERENCES IN THE PSF METALLURGICAL DATA

Higher
Transition
Materi al Location Temperature Lower USE Higher LE
F23 SSC-1 Right Right Right
SSC-2 Right? Right Right
W1 Right
W2 Right
W3 Right
3PU SSC-1 Right? Right Right?
W1 Right Right Right
W2 Right? Right Right?
3PT SSC-2 Left?
W3 Left?
MO SSC-1 Right Right
W3 Right? Right?
R W2 Right Right
W3 Left Left

TABLE HEDL-59

DPA EXPOSURE OF 3PU SPECIMENS IN THE SSC-1 IRRADIATION

Left Group Right Group dpa Left/R
Specimen No. (dpa) Left Specimen No. (dpa) Right Ratio
1 0.0383 17 0.0382 0.997
2 0.0377 18 0.0376 0.997
3 0.0361 19 0.0360 0.997
4 0.0352 20 0.0351 0.997
5 0.0342 21 0.0341 0.997
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F.  NUCLEATION AND GROWTH OF PRECIPITATES
G. L. Guthrie (ORNL)

Objective

The objective of the present work is to study and review various aspects of
the problem of the formulation of mathematical models that represent the
processes of the nucleation and the growth of precipitates in irradiated LWR
PV steels.

Summary

Various mathematical representations of the nucleation and growth of precipi-
tates in irradiated LWR PV steels have been studied and reviewed. Emphasis
is placed on nucleation sites and copper-rich clusters and their fluence and
flux-level dependencies. The validity of certain assumptions and boundary
conditions associated with the mathematical formulation of the problem of
developing model equations are addressed. It is concluded that any set of
assumptions can be made regarding the nucleation and growth, and in some
cases, solutions may be obtained in closed form, but the accuracy will
depend on the assumptions. For practical fits of Charpy data, simple
formulas involving fluence raised to a power give results that are
remarkably in conformity to the more complex realities of the world.

Accomplishments and Status
1.0 Introduction

Nucleation may take place as the aftermath of a single cascade or as the
result of migration of debris from a number (two or more) of cascades. If
the nucleation arises from individual cascades, without cascade-cascade
interactions, then the nuclfiatign critical cluster size will not be flux-
rate dependent. If the density of nucleation sites is flux-rate dependent,
the rate dependence will arise from the relationship between the density of
migrating species and the critical nucleation radius, given by (Ka70)

rc = 2 oV/(RT In T7) . (1

In Eq. (1), rc is the critical radius, a is the energy per unit area of
the interface surface, V is the molar volume of the precipitate material,
and T is the ratio of supersaturation in the matrix. That is.

m= X/X 2

where X is the concentration of the solute in the matrix and X is the
equilibrium concentration that would exist near a hypothetical flat inter-
face separating the two pure species. If the formation of copper clusters
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proceeds from the formation of vacancy clusters that then capture copper
atoms, a high flux level will increase the total number of available vacan-
cies and also decrease the critical radius, increasing the formation rate and
density of vacancy clusters. This assumes, again, that nucleation involves
monomers from two or more cascades. If the copper-rich clusters nucleate
originally as copper clusters rather than vacancy clusters, the critical
radius and density of clusters can still be dependent on the flux level, if
some of the copper atoms migrate as interstitials remaining from more than a
single cascade. Independent of the details of the original nucleation, the
surviving number of clusters wvill be less than the number nucleated because
of Ostwald ripening (or coarsening) (La61,Wa61). As the clusters grow, the
number of copper monomers will decrease so that the size of the critical
radius will increase, allowing the smaller clusters to dissolve.

A simple mathematical approach to the problem of growth is to assume that,
at some particular time, all the nucleation is finished and all the nuclei
are spherical and are all the same size. A supply of monomers still exists
after the nucleation, but the concentration is too small to allow any signi-
ficant additional nucleation.

The above assumptions are already beyond reality. Gelles (Ge82a), working
with PE16 at high doses, has found that precipitates form not only as spheres
that could presumably be homogeneously nucleated, but also as conglomerates
of other shapes where the nucleation was presumably aided by the presence of
grain boundaries, voids, or dislocations. But, reverting to the simple
mathematical picture of a population of precipitates of a common size, the
next step is to write a differential equation describing the growth.

The easiest approach is to assume that each spherical precipitate is enclosed
in a spherical world of total volume 1/n, where n is the volume density of
precipitates. This is a spherical simplification of a Wigner Seitz cell.
Then the boundary conditions are that aC/ar is zero at the outer radius of
the cell, and C at the surface of the precipitate is equal to the thermo-
dynamic equilibrium value. Unfortunately, the thermodynamic equilibrium
value is a function of the radius caused by the existence of a surface
energy term that is chemistry dependent. This brings in a complication that
is central to the question of nucleation but that has been ignored in most
growth discussions of precipitates in an irradiation field. The existence
of the surface energy and the relationship between the radius and equilibrium
concentration in the matrix is responsible for the need for a minimum radius
for nucleation.

Proceeding with or without this last incorporation, we arrive at a differen-
tial equation and a set of boundary conditions where the inner boundary
condition is that

~rp.t) * Ce(rp) =0 , (3)
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where rp is the common radius of the precipitates, given by

- Ddt-. W (4)

where t is measured from the time of nucleation. In Eq. (4), C is the pre-
cipitate monomer concentration, Ce is the copper thermodynamic equilibrium
concentration in the matrix at the surface of the precipitate (radius
dependent), D is the irradiation-enhanced diffusion coefficient, rn is the
radius at nucleation, and Vy| is the volume of a single atom.

Ham (Ha58) has shown that, under certain conditions, the (aC/ar = 0) outer
boundary condition can be replaced by setting the distant concentration equal
to a constant. In a proper treatment, the total copper content of the solid
has to be maintained and this leads to a depletion of the matrix as time
proceeds and causes a saturation phenomenon. In the Ham simplification just
mentioned, the concentration at the outer boundary would be a decreasing
function of total precipitate volume.

In reality, there is a continuous range of precipitate radii and the larger
precipitates have a lower value of the equilibriumm matrix monomer concentra-
tion at the precipitate surface. This determines the concentration of the
available copper in the matrix and causes the small particles to shrink.

Nelson, Hudson and Mazey (NHM) (Ne72) have pointed out that cascades occa-
sionally involve existing precipitates, and for large precipitates, the cas-
cades spall atoms off the surface (by various mechanisms) to give a loss
rate (dV/dt) that, on a time average, is proportional to r2 for any given
precipitate. The total NHM treatment ignored the role of the surface energy
both in nucleation and in growth, and it concluded that the diffusion growth
term (dV/dt « - r2) will combine to make large precipitates shrink while
small ones grow. This is a reverse phenomenon to that predicted by Ostwald
ripening theory, where large precipitates grow at the expense of small ones.

NMH then predict that all precipitates will proceed to a common equilibrium
radius. This line of thought is not applicable to small copper precipitates
in a short time frame. It is incorrect to write a differential equation for
dV/dt or dr/dt and to include a term for cascade-induced spalling and treat
it as a time-continuous phenomenon contributing to the creation of an equi-
librium radius except for long time periods (dpa=l) and large precipitates.

The cascade-induced spalling is a sporadic statistical event that causes
discontinuous jumps in the radius value of a particular precipitate. In the
case of small precipitates, the encounter between a cascade and a precipitate
could destroy the precipitate and not merely cause a loss extending down to
a particular depth on the surface. The cascade-interaction phenomenon, if
it is important, will not drive all precipitates to an equilibrium radius in
a time frame of interest to the operation of a power reactor, but will merely
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modify the n(r,t) curve, where n(r,t) gives the distribution of precipitates
as a function of radius and time. Large precipitates cannot be viewed as
gradually shrinking by this mechanism in a short time frame. For power-
reactor conditions, small precipitates will not necessarily grow faster than
their slightly larger neighbors, since the surface-energy term changes the
equilibrium value of the copper concentration near the precipitate surface;
i.e., the very small precipitates in effect spit out atoms caused by the
surface-energy term and this decreases the net, if any, inflow. This
decrease is more important for the smaller radius particles.

In the case of small copper-rich precipitates in an LWR-PV, the inclusion of
the NHM spalling term as a constantly acting term in the differential equa-
tion is especially inappropriate when one considers that a fluence of

1 x 1019 n/cm2*s (E > 1.0 MeV) corresponds to ~0.016 dpa. Over 90% of the
atoms have not been directly involved in even a single cascade at end-of-life
for the reactor. Also, the size of the cascades (several hundred or up to a
few thousand atoms) is not inconsequential compared to the size of the copper
precipitate responsible for the dislocation pinning (a 25 A diameter sphere
has approximately 525 atoms), so that an r-squared dependent continuous-loss
process is not realistic. Comments on the NHM (Ne72) paper have been pub-
lished by P. Wilkes (Wi79). Wilkes set up a differential equation where the
atoms released by spalling re-appeared uniformly inside each Wigner-Seitz
cell. This is questionable, since the spalled-off atoms can only appear in

a non-cascade cell by coming in through the outer boundary. Failure to
recognize this led Wilkes to the conclusion that irradiation-induced NHM
spalling helped stabilize bimodel distributions. Larger particles were

aided in stability by the favorable surface energy, and smaller particles
were aided by the 1arge-manomer-generating space in the unoccupied volume of
the cell, under Wilkes mathematical treatment.

Frost and Russell (Fr81) found that the time constant to approach an NHM
average radius is 45 days for an ion bombardment experiment and 120 years
for metal in a fast reactor. The NHM average radius condition is not reached
in the lifetime of a power reactor. A more complete treatment of the total
problem has been given by Baron, Chang, and Bleiberg in a Westinghouse ERDA
report.

The paper by Ham (Ha58), though it ignored the surface-energy term, has some
interesting points. One comment already mentioned deals with the legitimacy
of replacing the (aC/ar = 0) outer boundary by a condition where C = constant
at the outer boundary. Ham also dealt with a time-dependent phenomenon in
which the initial conditions had a spherical precipitate imbedded in a
spherical world, where C(r,t) was a constant independent of r (r is the
distance from the center of the cell, and not the radius of the particle)
for the initial time (t = 0). Ham showed that the problem could be solved
by an expansion in orthoganal functions with a separable partial differential
equation, and only the fundamental time constant solution was of importance.
Then the growth rate can be calculated at any given time, using a fixed
geometry, and the time and space parts of the problem are effectively
decoupled.
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Odette (0d83a,Pe84) has taken the two points of the Ham paper above and
implicitly used them as a starting point for a formal solution of the growth
problem. The Odette paper assumed that C(r) was zero at the inner boundary
of the cell, assumed that the cell contributing to a particular precipitate
was infinite in extent and assumed that the concentration at infinite radius
was equal to the average (matrix) copper concentration in the solid. The
matrix concentration was adjusted for removal by the precipitates. Under
these assumptions, Odette found that

where <t is the fluence, x is the cube root of the volume fraction of preci-
pitate, x0 is the initial value of x, "a" is the cube root of the copper
concentration, Dc is the irradiation-enhanced value of the diffusion
coefficient for copper, and Np is the number of copper precipitates per
unit volume.

This gave a solution for the precipitate radius as a function of fluence
ignoring the NHM spalling phenomenon. Odette combined (1) the stress
required to give dislocation glide, (2) the (assumed) common radius of all
the precipitates, and (3) the precipitate density per unit volume to obtain
numerical values of the plastic flow shear stress for various combinations
of the fluence and other input parameters. Odette then assumed that the
plas'tic flow stress requirement caused by the irradiation was proportional
to the irradiation-induced increase in the Charpy transition temperature.
He thus obtained a relationship between the irradiation-induced increase in
the transition temperature and the fluence and other input parameters. The
Odette work used the results of Russell and Brown (Ru72) for the relationship
between precipitate radius, precipitate density, and effective dislocation
pinning.

A less accurate but simpler relation (compared to Russel 1-Brown) is given by
(0176)

as = 2 Gb/ (6)
(7)

/2~rn
a = 2Gb /s rn )
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which allows some direct insight into the effect of changes in precipitate
density. In Eq. (6), (7) and (8), G is the shear modulus, as is the shear
stress for dislocation glide, b is the dislocation Burgers vector, r is the
precipitate radius (assumed common for all precipitates), and n is the volume
density of precipitate sites, For a given total volume of precipitate, Vp.
we find that

v =n -4 r3 (9)

so that Eq. (9) can be substituted in Eq. (8) to yield

3

s= VJ~Vp) 1/6 + 2 -~ Gb
(10)

This shows that for any given total amount of precipitate volume, the
required shear stress for plastic flow through the precipitate field is an
increasing function of n, the precipitate density.

Any set of assumptions can be made regarding the nucleation and growth, and
in some cases, solutions may be obtained in closed form, but the accuracy

will depend on the assumptions. In actual practice, Charpy data have often
been fitted with laws of the type (Gu85)

iT = f(chem) « Ut)N(chem' fluence- f,ux> (11)

or, more simply

4T = f(chem) +« (et)N(nuence) . (12)

These laws recognize the fact that the log of the Charpy shift is approxi-
mately linear in the log of the fluence for any given chemistry. The log AT
VS log fluence plots are usually slightly concave downward, so that d log
(AT)/d [log (fluence)] decreases with increasing fluence. In fact, from the
simple theoretical considerations given with a fixed amount of precipitate
material, it would be expected that AT would have an upper limit so that "N"
should approach zero at high fluence values. However, the additional dis-
location pinning strength contribution from dislocation-dislocation inter-
actions might delay the arrival of saturation.

Thus, although a closed form solution of growth equations might show a com-
plete saturation phenomenon, reality might produce data that show a lack of
saturation. In the case of pinning by more than one type of precipitate, the
pinning contributions of the individual species could be expected to saturate
at different values of the fluence since the problem is so complex. The form
of Eq. (12) in many cases fits existing data better than closed form solu-
tions based on simple but incorrect assumptions.
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It is possible to set up Wigner-Seitz spherical cells with spherical coordi-
nates and obtain numerical solutions for growth equations for irradiation
conditions, using a model involving only a single precipitate. This has
been done by Straalsund and Guthrie for the growth of voids (St67,St72a).
The calculations gave the growth rates and volume fraction as a function of
time and critical radius, for voids and for gas-filled bubbles. Conversion
of the technique to copper precipitate and applications is possible but the
results would depend on the input assumptions and would still not completely

duplicate reality.

Some of the relevant points developed in the above discussion are:

1. For a given amount of precipitate material, the Charpy shift can be
expected to increase if there are more (and consequently smaller)
precipitates.

2. It is difficult to imagine any mechanism that would make the precipitate
number density depend on the flux if the nucleation takes place as a
closed item associated with only a single cascade.

3. Closed form treatments that use a fixed value of the concentration as an
outer boundary condition of the Wigner-Seitz cell for the growth equa-
tion of a single precipitate are in error but the error is small (Ha58).

4. The initial time transient in a spherical growth problem can be ignored
for most values of the relevant parameters (Ha58).

5. The NHM (Ne72) argument that all precipitates proceed to a common radius
is an oversimplification not particularly applicable to power-reactor
problems.

6. Wilkes' correction (Wi79) of NHM contains an oversimplification and

does not legitimately produce a bimodal distribution.

7. Arguments involving the growth of small particles should not ignore the
surface energy.

8. It is possible to make digital calculations of void or precipitate
growth rates, including the effects of surface energy.

9. For practical fits of Charpy data, simple formulas involving fluence
raised to a power give results that are remarkably in conformity to the
more complex realities of the world.10

10. Closed-form laws attempting to model precipitation of a finite amount of
solute should contain a depletion term if they are to model saturation.

Expected Future Accomplishments

No definite plans for additional work on this topic exist at the present
time.
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G. SUMMARY OF ASTM PAPERS
R. Gold and W. N. McElroy (HEDL)

Objective

To provide a listing of abstrasts of HEDL papers prepared for presentation
and the proceedings of the 13th ASTM International Symposium on the Effects
of Radiation on Materials and the 6th ASTM-EURATOM International Symposium
on Reactor Dosimetry.

Summary

See Accomplishments and Status

Accomplishments and Status

1.0 13th ASTM International Symposium

The following papers were presented at the 13th ASTM International Symposium
on the Effects of Radiation on Materials, June 23-25, 1986, Seattle, WA and

have been accepted for publication in the ASTM proceedings:

. W. N. McElroy, R. Gold, R. L. Simons and J. H. Roberts, "Trend
Curve Data Development and Testing"

. R. L. Simons, "Damage Rate and Spectrum Effects on Ferritic Steel
ANDTT Data"

. R. Gold and W. N. McEIlroy, "Current Limitations of Trend Curve

Analysis for the Prediction of Reactor Pressure Vessel
Embrittlement”

2.0 6th ASTM-EURATOM Symposium

The following abstracts have been accepted for presentation at the forth-
coming 6th ASTM-EURATOM Symposium on Reactor Dosimetry, Jackson Hole, WY,
June 1987:

R. Gold and W. N. McElroy, "LWR-PV-SDIP: Past Accomplishments,
Recent Developments and Future Directions” (Invited)

R. Gold, C. C. Preston, J. H. Roberts, G. DelLeeuw, A. Fabry and
L. Leenders, "Nuclear Research Emulsion Measurements in VENUS-1"

R. Gold and W. N. McElroy, "Correction of Burn-In Effects in
Fission Neutron Dosimeters"

R. Gold, J. H. Roberts and D. G. Doran, "Determination of Gamma-
Ray-Induced Displacement Rates"
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3.0 Abstracts

3.1 Trend Curve Data Development and Testing
W. N. McEIlroy, R. Gold and R. L. Simons (HEDL) and
J. H. Roberts (MC2)

Existing trend curves do not account for previous and more recently observed
test and power reactor flux-level, thermal neutron and y-ray field-induced
effects. Any agreement between measured data and trend curve predictions
that does not adequately represent the important neutron environmental and
temperature effects as well as the microstructural damage processes, there-
fore, could be fortuitous. Empirically derived end-of-life (EOL) and life-
extension-range (LER) trend curves are presented and discussed in this paper
for high temperature [*288°C (550°F)] irradiation of two weld, two plate,
and two forging pressure vessel (PV) steels and low-temperature [v600C
(140°F)] irradiation of one support structure-type steel.

Preliminary results of a comprehensive study of the effects of environ-
mental variables (neutron spectrum, exposure, exposure rate, and the thermal
and y-ray fluxes associated with surveillance capsules and PV through-wall
gradients) were used to develop these trend curves.

Pressurized water reactor (PWR) and boiling water reactor (BWR) plant-
specific results together with those of the Poolside Facility (PSF) of the
Oak Ridge Research Reactor (ORR) at the Oak Ridge National Laboratory (ORNL)
and other research reactor experiments support the existence of a significant
material-dependent flux-level effect for PV and support structure steels;
i.e., a steel may show a decrease, an increase, or no change in the measured
Charpy shift with changes in flux-level. Further, the actual behavior of a
material can change significantly as a function of neutron exposure; also,
thermal neutron and y-ray effects can contribute to observed changes in
property, especially near steel-water interface positions with high thermal-
to-fast-neutron ratios.

3.2 Damage Rate and Spectrum Effects in Ferritic Steel ANDTT Data
R. L. Simons (HEDL)

A model was developed for irradiation-induced hardening in PV steels by
cascade-induced nucleation and free defect diffusion of copper to coherent
copper clusters. The model was used as a functional framework for fitting
data on ANDTT as a function of damage dose and dose rate. Several defect
cross sections were tried; however, dpa exposure was found to give the best
overall fit. Another defect cross section for Frenkel pair productions,
based on resistivity measurements at 4°C, was found to give a comparable or
slightly better fit to the data than dpa. Damage rate is an important param-
eter to consider in correlation of ANDTT data and damage rate can affect

the nucleation as well as the growth of the copper precipitation.
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3.3 Current Limitations of Trend Curve Analysis for the Prediction of
Reactor Pressure Vessel Embrittlement
R. Gold and W. N. McEIlroy (HEDL)

In operating light water reactor (LWR) commercial power plants, neutron
radiation induces embrittlement of the pressure vessel (PV) and its support
structures. As a consequence, LWR-PV integrity is a primary safety con-
sideration. LWR-PV integrity is a significant economic consideration since
the PV and its support structures are nonreplaceable power plant components
and embrittlement of these components can therefore limit the effective
operating lifetime of the plant.

To define the effects of neutron radiation damage on LWR pressure-temperature
operating limits as well as for fracture toughness assessment of power
reactor PV, trend curves for the prediction of PV embrittlement have been
developed. These trend curves are very general PV embrittlement curves that
are used both to evaluate current PV status as well as to predict the future
state of the PV. In such trend curves, the two main measures of radiation
damage are the adjusted reference nil-ductility temperature ARTA)J(RTADT
initial + ART?"QJ) and the decrease in upper-shelf energy level determined
from Charpy V notch impact tests. Current measures of neutron exposure most

commonly used in trend curve analyses are fluence >1 MeV and displacements
per atom (dpa) in iron.

Since trend curves play such a crucial role in the assessment of PV embrit-
tlement of operating commercial LWR power plants, a critical appraisal of
trend curve analysis is essential. To this end, current limitations in
trend curve analysis for the prediction of reactor PV embrittlement are
examined. It is concluded that a number of systematic effects can arise
because environmental differences exist between test reactors, surveillance
capsule locations, and the actual irradiation conditions that accrue within
the PV of an operating LWR commercial power plant. An irradiation test
program is advanced to investigate these systematic effects and to produce
the requisite data needed to correct for such systematic biases in trend
curve analysis.

3.4 LWR-PV-SDIP: Past Accomplishments, Recent Developments and Future
Directions

Raymond Gold and W. N. McElroy (HEDL)

The integrity of the pressure vessel (PV) of a nuclear power plant is a major
safety consideration throughout the life of the power plant. Since the PV

is nonreplaceable, radiation embrittlement can limit the serviceable lifetime
of the PV and thereby limit the effective operating lifetime of the plant.

It can further restrict normal heatup and cooldown reactor operations, with
resultant cycle-to-cycle economic implications. In recognition of these
safety and economic issues, the U. S. Nuclear Regulatory Commission (NRC)
established the light water reactor pressure vessel (LWR-PV) surveillance
dosimetry improvement program (SDIP) some ten years ago to improve, maintain
and standardize neutron dosimetry, damage correlation, and the associated
reactor analysis procedures used for predicting the integrated effect of
neutron exposure to LWR-PV.
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The LWR-PV-SDIP adopted specific experimental and calculational strategies
to meet the challenge of this complex radiation-induced PV embrittlement
phenomenon. A vigorous research effort has gone forward worldwide to imple-
ment these strategies. The major benefit of this program has been and con-
tinues to be a significant improvement in the accuracy of the assessment of
the current metallurgical condition and the remaining safe operating lifetime
of LWR-PV.

The LWR-PV-SDIP has produced a broad range of technical accomplishments over
the last decade and these achievements are reviewed. These earlier
LWR-PV-SDIP accomplishments have generated, in turn, a number of significant
new developments that are described. A natural outgrowth of LWR-PV-SDIP
work is the experience to project future needs of LWR-PV surveillance. On
this basis, recommendations for future directions are advanced with special
emphasis on plant life extension.

3.5 Nuclear Research Emulsion Measurements in VENUS-1
Raymond Gold and C. C. Preston (HEDL), J. H. Roberts (MC2), and

G. DelLeeuw, A. Fabry and L. Leenders (CEN/SCK)

Nuclear research emulsion (NRE) observed I-integral and J-integral reaction
rates are reported for VENUS-I. Proton-recoil energy-dependent reaction
rates are predicted using CEN/SCK-calculated 17-group neutron energy spectra.
These calculated reaction rates are compared with absolute NRE observations
at seven different locations in steel and water regions of VENUS-1. The
agreement between calculations and NRE-observed absolute proton-recoil reac-
tion rates depends sensitively on location in VENUS-1. Adequate agreement
is attained near the center of the core. However, as one approaches the
edge of the core corner at approximately 28°, the agreement deteriorates.
Comparisons between theory and experiment are limited by the broad energy
resolution of the 17-energy-group structure used in the calculations. Never-
theless, these comparisons do suggest that difficulties arise in the calcu-
lation of neutron transport as one approaches the edge of the core corner.

In the 1983 dosimetry campaign in VENUS-1, possible perturbations introduced
by 41 proton-recoil gas-filled proportional counters were investigated with
NRE. Preliminary Il-integral and J-integral proton-recoil reaction rates
from NRE irradiated in this perturbation study reveal that proportional
counters do create non-negligible perturbations in LWR-PV environments.

3.6 Correction of Burn-In Effects in Fission Neutron Dosimeters
Raymond Gold and W. N. McElroy (HEDL)

When fission neutron dosimeters are applied for neutron dosimetry, such as
those used in light-water reactor (LWR) pressure vessel surveillance (PVS),
higher order actinide isotopes can be produced in the dosimeter by the neu-
tron field. These higher order actinide isotopes can also undergo fission
and thereby contribute to the number of fissions or fission rate that is
observed with the dosimeter. This so-called "burn-in" effect can be non-
negligible especially in fission threshold monitors, such as those used in
LWR-PVS.
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A novel method for correction of this burn-in effect is advanced. In this
new method, two quantities are measured in order to quantify the burn-in
contribution, namely the amount of the background fissile isotope that is
created and the fissions per unit volume produced in the background fissile
isotope. Monitors used to measure these two quantities must experience the
very irradiation that the fission neutron dosimeter undergoes, i.e., the
same location and flux-time history. Conditions are defined under which the
burn-in effect can be delineated in terms of these two observed quantities.
Advantages of this correction method are discussed.

3.7 Determination of Gamma-Ray-Induced Displacement Rates
Raymond Gold and D. G. Doran (HEDL) and J. H. Roberts (MC2)

To define the Y-ray component of the radiation field in light water reactor
(LWR) pressure vessel (PV) environments, y-ray spectrometry experiments were
conducted in the low power PV mockup at the poolside critical assembly (PCA)
at ORNL. The y-ray displacement rates can be calculated directly from abso-
lute electron spectra observed with the Janus probe y-ray spectrometry. The
y-ray displacement results are presented for the 1/4-T, 1/2-T, and 3/4-T
locations of the 12/13 and 4/12 simulated surveillance capsule (SSC) configur-
ations. In addition, the y-ray displacement rate at the SSC location was
inferred using thermoluminescent dosimeter (TLD) y-ray dosimetry results
obtained in the 4/12 SSC configuration at the PCA. Compared with neutron-
induced displacement rates, the calculated y-ray-induced displacement rates
are small at all these LWR-PV locations. The ratio of y-ray-induced to
neutron-induced displacement rates never exceeds roughly 5 X 10°3.

Expected Future Accomplishments

The present scope of this work has been completed.
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H. PRELIMINARY PCA-PROTON RECOIL PROPORTIONAL COUNTER NEUTRON SPECTROMETRY
J. W. Rogers (INEL) —~

Objective

To use gas-filled proton-recoil proportional counter neutron spectrometry to
characterize the neutron spectrum in the LWR-PV mockup at the PCA.

Summary

By conducting neutron spectrometry at different PCA locations, one obtains
the variation of the differential neutron spectrum through the PV, which can
be used to validate calculations. This spatial variation is an especially
powerful probe for examining trends between theory and experiment, thereby
furnishing greater insight into any observed differences.

During the fall 1981 PCA irradiations, proton recoil proportional counter
neutron spectrometry was conducted in the 4/12 configuration. Preliminary
neutron spectral results have now been obtained for the 1/4-T and VB loca-
tions. These preliminary spectra, which are shown in Figures HEDL-75 and
HEDL-76 cover the energy region from roughly 0.05 to 2.0 MeV.

Expected Future Accomplishments

When the final results of these neutron spectrometry efforts are obtained,
they will be incorporated into the 4/12 configuration data base and least-
squares analyses will be performed using FERRET-SAND-Il. Such analyses will
provide quantitative comparison and evaluation of these proportional counter
spectrometry results with already existing neutron dosimetry data for the
4/12 configuration. These final results and analyses wvill be issued in a
forthcoming LWR-PV-SDIP annual progress report.
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FIGURE HEDL-75. Neutron Spectrum Observed with Proton-Recoil Proportional
Counters at the 1/4-T Location of the PCA-PVS 4/12
Configuration.
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FIGURE HEDL-76. Neutron Spectrum Observed with Proton-Recoil Proportional
Counters at the Void Box Location of the PCA-PVS 4/12
Configuration.
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I. Measurement of the Boron and Helium Content of Irradiated PV Steels
L. S. Kellogg and W. N. McElroy (HEDL) and B. M. Oliver (RI-RD)

Objective

To measure the boron and helium (B/He) content of irradiated PV steels to help
determine the effect of the He generation rate (as one of the contributing
environmental variables) in the calculation of plant specific end-of-life and
life-extension-range material dependent trend curves.

Summary

Thirteen irradiated samples (six from the PSF, five from the UK DIDO or PLUTO
reactors, and two from a US commercial reactor) have been received by HEDL.
Two irradiated samples from each of two additional US commercial reactors and
specimens from a Gundremmingen trepan are still to be received.* Chemical
analyses of the PSF-irradiated samples were accomplished at B&W before
shipment to HEDL.

Samples suitable for B/He analysis are being taken from all specimens received.
As required, RM (Y-spectrometry) analyses will be made by HEDL on the PSF-
irradiated and Gundremmingen trepan samples. Shipment to RI-RD (for B/He
analysis) of all available samples will be made by the end of March. (This
necessitates the HEDL receipt of samples no later than mid-March 1987.)

Accomplishments and Status

McElroy et al. (Mc86) have reported on the study of an empirical approach for
establishing plant specific end-of-life and life-extension-range material
dependent trend curves that permit the separation of the effects of the
environmental variables of neutron and gamma-ray spectra, exposure, exposure
rate, and thermal neutron-induced helium production. The material-dependent
trend curve model equation selected for this study was

ART-NDT = XI + X2 In He + X3 In D + X4 In D (1)

where ART-NDTJs the Charpy shift (°F); D is the iron dpa** neutron exposure
(dpa/0.016); D is the neutron exposure rate (dpa/s)**; He is the helium atom
production rate; and Xl, X2, X3, and X4 are a set of empirically derived
constants.

*The PSF, UK, BMI, B&W and W-NTD steel specimens were or are being
provided by F. B. K. Kam (ORNL), T. J. Williams (RR&A), M. P. Manahan
(BMI), A. Lowe (B&W) and S. L. Anderson (W-NTD). The Gundremmingen
specimens are being provided by NRC-MEA.

**Including that caused by iron recoil atoms from the Fe (n,Y) reaction
and from any Y-ray field-induced displacements in iron.
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Measurement of the boron and helium content in selected irradiated PV steels

is needed for an initial evaluation of the magnitude of the constant X2 in Eq.
(1). Specimens of the following steels have been received by HEDL from ORNL,
RR&A and BMI, respectively:

1) Six PSF irradiated Cv steel specimens taken at the O-T position and broken
near the 41-d level

2) Five Cv specimens irradiated in the UK DIDO or PLUTO reactors, with the
DIDO/PLUTO results indicating considerably larger shifts than similar
specimens irradiated in HERALD.

3) Two Cv specimens irradiated in a US commercial reactor.

4) Still to be received from W-ARD are an additional two Cv specimens
irradiated in a US commercial reactor, from B&W two irradiated Cv
specimens from a US commercial reactor, and specimens from MEA from a
Gundremmingen trepan sample [Mc85g]. Table HEDL-60 describes the
materials being analyzed.

The six PSF-irradiated specimens were first shipped to Babcock and Wilcox for
chemical analysis (Section HEDL-J) and then to HEDL. All other samples were
or are being shipped directly to HEDL. Suitable sized samples are being
drilled, from the notch area where possible, and will be shipped to RI-RD for
B/He analysis. In addition, samples from the PSF-irradiated specimens and the
Gundremmingen trepan samples will undergo RM analysis at HEDL. Considerable
delay in the analyses has been encountered because of delay in receipt of all
samples. The expense of sampling and sample analyses at RI-RD requires the
work to be done in a "batch" rather than individual mode. Rather than incur
additional delays, shipment to RI-RD will be made by the end of March, whether
all specimens have been received or not.

Expected Future Accomplishments

Results from the analyses of the selected individual Cv and trepan samples
will be documented in the appropriate FY-87 LWR-PV-SDIP reports.
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0€1-1d3H

Material

A533-B (HSST)
Plate 03)

A302-B (ASTM
Reference
Pl ate)

Submerged Arc
Weld (Single
Vee type,
A533-B Base
Plate)

Submerged Arc
Weld (Single
Vee type,
A533-B Base
Pl ate)

22NiMoCr37
Forging

A508-3
Forging

A537-2
Lukens Steel
Base Plate

Heat
Code

3PS,
3PU,
3PT

F23

EC

MO

00662

TABLE HEDL-60

MATERIALS
Yield*
Thickness Strength
Specimen  Suoolier (mm) (MPa)

PSF-irradiated CV Specimens**

3PU-22 NRL 305 454
F23-85 NRL 152 482
R-54 RR&A 160 489
EC-16 EPRI 235 456
K414 KFA 295 407
MO-14 Mol 238 462
CEN-
Saclay

*Ambient temperature strength.
**The six PSF Cv specimens were selected by F. Kam of ORNL.

Heat Treatment

843 to sgg-c - 4 h, water quenched
649 to 655°C - 4 h, air cooled
607 to 636°C - 20 h, furnace cooled

SO0'C - 6 h, water quenched
649°C - 6 h, air cooled

9200C + 15°C - 6 h, water spray quenched
600°C - 6 h, air cooled
600°C - 36 h, air cooled
600°C - 6 h, air cooled

621 + 28°C - 50 h, furnace cooled

Not reported to MEA or ORNL

900 to 955°C - 12.8 h, air cooled
630 to ees'C - 14 h, furnace cooled
610 + 10°C - 24 h, furnace cooled

885 to 913°C
556 to 593°C



L€1-1d3H

Heat
Material Code
A302-B H2130
Class 1
Leukens Steel
Base Plate

Submerged Arc
Weld in Accor-
dance with CE
spec. SAA-33A(3)
and MA-339(7)
A302-B Base
Plate

TABLE HEDL-60 (Cont'd)

Yield*
Thickness Strength
Soecimen Suoolier (mm) (MPa) Heat Treatment
UK-Irradiated Cv Specimens
IPL-21 RR&A
IWL-563 RR&A
EAO-763 RR&A
IWH-463 RR&A
IS -258 RR&A
US Commercial-Irradiated Cv Specimens
E42 BMI 181 448 Not Reported to BMI
EJC BMI 181 Not Reported to BMI
B&W
B&W
W-NTD
W-NTD
170 MY-BMI
37E MY-BMI
Gundremmingen-Irradiated Specimens
0T MEA
174 T MEA
12 T MEA
314 T MEA
Outer Surface  MEA

*Ambient temperature strength.



J. Babcock & Wilcox Measured Chemistry Results for the Six
PSF-irradiated Steel Materials
A. L. Lowe, Jr. and K. E. Morgan (B&W)

Objective

To provide an independent chemical analysis of six different pressure vessel
steel materials irradiated in the PSF metallurgical experiment as part of the
investigation of the embrittlement of selected PV steels (Mc86b).

Summary

Six different PSF-irradiated alloy Cv specimens were received by B&W from

F. Kam of ORNL. Chemical analysis of the prepared samples was accomplished
using emission spectrographic techniques. Equipment calibration was achieved
by analysis of NBS SRM low-alloy steel samples. Chemical analysis results for
14 elements are reported.

Accomplishments and Status

Six different alloy Cv specimens provided by NRL, RR&A, EPRI, KFA and MOL (see
Table HEDL-60, Section HEDL-l), irradiated in the PSF O-T position and broken
near the 41-J level, were selected by Kam (ORNL) and shipped to B&W.

The specimens were cleaned and then buffed on a belt sander using 60-grit
paper immediately before analysis using a spark source emission spectrometer
(same day analysis is done to preclude possible effects from surface oxida-
tion). Three separate burns were made near the notch area, care being taken
not to encroach upon the notch area itself. NBS low-alloy steel reference
standards SRM 1261, 1262, 1263, 1264 and 1265 were treated and analyzed in a
similar manner at the same time. Analysis of the sample data was made by
direct reference to the various element composition curves derived from the
reference NBS standards. Average results for 14 elements from the three
individual burns are given in Table HEDL-61 along with original reported
elemental compositions (Ha84a). Because of the direct reference to the NBS
SRM standards, the Mo result for sample K414 is reported as =>0.55 wt%, as the
observed concentration falls outside of the extrapolation limits of the
reference curve.

After analysis the samples were packaged and shipped to HEDL/RI-RD for RM and
B/He analysis.

Conclusions

The observed differences in the reported comparative results generally fall
within ranges that may be explained by:

. Measurement limits associated with the analytical techniques.
. Level of elemental composition.
. Elemental-sample matrix heterogeniety (Mo85).
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Analytical techniques. Electron microprobe, X-Ray fluorescence,

emission spectrometry and wet chemical methods successively analyze
increasingly larger sample sizes.

There are some results that raise questions that should be further investi-
gated. In particular, the Cu results in which comparative ratios consistently
range from 1.14 to 1.48 with an average of 1.33. It would be of considerable

interest to know the analytical techniques used in the initial analysis of the
materials.

Expected Future Accomplishments

Provide further documentation of these B&W-measured chemistry results

in
NUREG/CR-3320, VVol. 4, see Table S-I.
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Yel-103H

Material

A533-B
(HSST
Plate 03)

A302-8
(ASTM Ref
Plate)

A533-B
S/A
Weldd

A533-B
S/A
Weldd

22NiMoCr37
Forging

A508-3
Forging

aMEA-reported values (Ha84,Ha84a)
AB&W-measured and reported values.

Heat
Code

3PS,
3PU,
3PT

F23

EC

=

MO

Average Valuec

B&W

Sampler

3PU-22

F23-85

R-54

EC-16

K-414

MO-14

Supplier

NRL

NRL

RR&A

EPRI

KFA

MOL

cRatio B&W/MEA-reported values.

78533-6 base plate & single vee type.

c

0r09
(0.26)b
[1.30]c

0.24
(0.22)
[0.92]

0.05
(0.05)
[1.00]

0.11
(0.09)
[0.82]

0.18
(0.18)
[1.00]

0.20

(0.19)
[0.95]

[1.00]

TABLE HEDL-61

PSF ALLOY CHEMICAL COMPOSITIONS (wt%)

Si

0.25
(0.27)
[1.08]

0.23
(0.26)
[1.13]

0.45
(0.40)
[0.89]

0.52
(0.55)
[1.06]

0.16
(0.19)
[1.19]

0.28

(0.29)
[1.04]

[1.07]

Mn

1.26
(1.46)
[1.16]

1.34
(1.42)
[1.06]

1.54
(1.58)
[1.03]

1.57
(1.45)
[0.92]

0.72
(0.75)
[1.04]

1.43

(1.37)
[0.96]

[1.03]

P

0.011
(0.010)
[0.91]

0.011
(0.014)
[1.27]

0.009
(0.009)
[1.00]

0.007
(0.010)
[1.43]

0.009
(0.005)
[0.56]

0.008

(0.006)
[0.75]

[0.99]

S

0.018
(0.023)
[1.28]

0.023
(0.029)
[1.26]

0.008
(0.014)
[1.75]

0.011
(0.023)
[2.09]

0.004
(0.008)
[2.00]

0.008

(0.008)
[1.00]

[1.56]

Cr

0.10
(0.15)
[1.50]

0.11
(0.12)
[1.09]

0.12
(0.13)
[1.08]

0.02
(0.059)
[2.95]

0.45

Mo

0.45
(0.55)
[1.22]

0.51
(0.49)
[0.96]

0.34
(0.35)
[1.03]

0.48
(0.47)
[0.98]

0.63

(0.52) (>0.55)

[1.16]

(0.11)

[1.56]

0.53
(0.48)
[0.91]

[1.02]

Ni

0.56
(0.61)
[1.09]

0.18
(0.17)
[0.94]

1.58
(1.57)
[0.99]

0.64
(0.59)
[0.92]

0.96
(0.94)
[0.98]

0.75

(0.70)
[0.93]

[0.98]

Al

(0.07)

0.04
(0.09)
[2.25]

0.01
(0.024)
[2.40]

0.008
(0.03)
[3.75]

0.031
(0.09)
[2.90]

0.031

(0.08)
[2.58]

[2.80]

Cu

0.12
(0.17)
[1.42]

0.20
(0.25)
[1.25]

0.23
(0.33)
[1.43]

0.24
(0.28)
[1.17]

0.12
(0.15)
[1.25]

0.05

(0.074)
[1.48]

[1.33]

Sn

(0.012)

0.037
(0.020)
[0.54]

0.006

(0.007)

[1.17]
0.004

(0.004)
[1.00]

(0.010)

(0.007)

[0.90]

Ti

(0.002)

0.015
(0.018)
[1.27]

0.003
(0.002)
[0.67]

<0.01
(0.002)

(0.002)

(0.002)

[0.97]

(0.003)

0.001
(0.004)
[4.00]

0.01

(0.006)

[0.50]
0.005

(0.006)
[1.20]

(0.003)

<0.01
(0.005)

[1.90]

0.0006

0.0007

0.0006

0.0008

<0.0001

<0.0001
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A.  BENCHMARKED MASSES OF SSTRs USED AT PCA, NESDIP AND VENUS
E. D. McGarry (NBS) and F. H. Ruddy (W-R&D)

Objective

The objective is to validate masses assigned to the solid-state track
recorders (SSTRs) used for physics-dosimetry measurements in the PCA, NESDIP
and VENUS.

Summary

The masses of 32 SSTR fission deposits belonging to HEDL have been validated
by comparison to the known masses of NBS fission deposits. The importance
of this mass verification work is that the HEDL SSTRs have been and are
being used to characterize the neutron fields in a number of LWR-PV-SDIP
benchmark fields, namely PCA, NESDIP, and VENUS.

Accomplishments and Status

The subject fissionable deposits have masses in the range several micrograms
to several hundred micrograms. The fissionable material is vacuum-deposited
on nickel backings as they undergo rotation. Because of the relatively light
weights, accurate determination of the deposit masses requires more sophisti-
cated techniques than weighing. Determinations can be made at the time of
fabrication by radioactive spiking and counting, or at a later time by alpha
counting, or anytime by counting fissions relative to a known-mass deposit
in a suitably constructed fission chamber. When the masses are at the lower
end of the mentioned range, or are deposits of a long-lived fissionable
material, alpha counting is difficult to do accurately and fission counting
is a better method of mass determination or validation.

Because NBS has established a set of deposits with masses in the mentioned
range, because these masses are known by a international consensus evalua-
tion to be accurate to +1.5% (lo), and because NBS has designed a dual
fission chamber in which deposits may be compared (back to back, 0.03 cm
apart in the same neutron field), NBS is periodically requested to do mass
determinations. For thermally fissionable isotopes, the thermal column at
the NBS Reactor provides both external beams and an isotropic neutron field
inside a 30-cm diameter cavity in graphite. For fission by higher energy
neutrons, 252Cf fission neutron fields are available. Effects, during the
irradiations, of geometry and spatial fluence-rate gradients are compensated
for by rotating the chamber 180° for about half of the time of the fission-
rate measurements.

Table NBS-1 gives a summary of measurements of the masses of 32 fission
deposits belonging to Hanford Engineering Development Laboratory (HEDL).

The importance of these masses to the NRC's Light Water Reactor Pressure
Vessel Surveillance Dosimetry Improvement Program (LWR-PV-SDIP) is that the
deposits were used to make the physics-dosimetry measurements that were used
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to characterize the neutron fields in the low-powered, pressure vessel simu-
lator (PVS) experiments at the Pool Critical Assembly (PCA) at ORNL, in the
VENUS Experiment at CEN/SCK (Mol, Belgium), and in the NESDIP Experiment at
Winfrith, UK. Details of the measurement methods results are to be
published as a NUREG report in early 1987.

Table NBS-1 lists 34 measurements (two repeats) of deposits that have been
identified by markings that HEDL had put on the containers in which they
were shipped. The third column of the table gives the deposit masses as
determined at NBS by comparing fission rates with the reference deposits
listed in the last column of the table. The fourth column of the table
specifies the multiplicative correction for the loss of fission fragments in
the HEDL deposits. Because the measurements required considerable irradia-
tion time (in excess of 150 hours), measurements in the 252Cf spectrum

were accomplished with two fission chambers, each containing two deposits,
on either side of the 252Cf source. To provide for a sufficient number of
reference deposits with essentially the same masses, extra ratio measurements
were made between NBS deposit 37K-05-02 and HEDL deposit 37K-05-04 and then
the latter was used as a secondary reference deposit. Consequently,
37K-05-04 is listed on both sides of the table. The additional uncertainty
(0.3%) is taken into account in Table NBS-2.

Table NBS-2 provides a summary of the uncertainties that stem primarily from
the uncertainties on the masses of the reference deposits and the counting
statistics. The deposits were rotated during the irradiation, and the
fission rates are determined from the geometric mean of these results. The
geometric mean is the square root of the product of the rotated measure-
ments. The order of the deposits is the same in the two tables, and the
additional uncertainty because of also using 37K-05-04 as a references is
evident in the total uncertainties given in the last column of Table NBS-2.

Expected Future Accomplishments

Details of the measurement method results are to be published as a NUREG
report in early 1987.
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TABLE NBS-1

SUMMARY OF NBS DETERMINATIONS OF SSTR FISSION DEPOSIT MASSES

Fission Fragment NBS

Deposit Deposit Absorption Reference
No. 1.D. (micrograms) Correction Deposit
1 35N-65 61 .902 1.00337 25A-3-6
2 35N-62 61.630 1.00335 m
3 35N-63 61 .898 1.00337 "
A 35N-6A 62.236 1.00338 m
5 Rud-55 63.2A5 1.003AA "
6 35N-76 257.26 1.01399 "
7 35N-77 256.67 1.01396 i
8 35N-78 257.03 1.01398 u
9 35N-52 589.8A 1.03208 "
10 35N-53 593-55 1.03228 "
11 35N-5A 59A.28 1.03232 u
12 35N-55 595.51 1.03238 "
13 37K-1 1 128.56 1.00699 37K-05-02
1A 37K-1 -2 127.29 1.00692 37K-1 -1
15 37K-05-0A 69.7A9 1.00379 37K-05-02
16 37K-1 -2 128.01 (repeat) 1.00696 37K-05-0A
17 37K-1-3 120.91 1.00658 37K-05-02
18 37K-2-1 255.05 1.01387 .
19 37K-2-2 266.18 1.01AA8 "
20 37K-2-3 270.8A 1.01A73 37K-05-0A
21 37K-20 238.08 1.01295 "
22 37K-3-1 378.08 1.02056 37K-05-02
23 37K-3-2 392.88 1.02137 37K-05-0A
2A 37K-3-3 386.52 1.02102 37K-05-02
25 37K-3-A 396.19 1.02155 37K-05-0A
26 37K-3-A 39A.05 (repeat) 1.021 A3 37K-05-02
27 37K-31 128.97 1.00710 37K-05-0A
28 37K-Ru-1 33 162.58 1.0088A "
29 37K-RU-137 168.06 1.0091 A 37K-05-02
30 37K-RU-1 Al 173.55 1.009A0 37K-05-0A
31 37K-Ru-16.6 19.606 1.00107 37K-05-02
32 37K-RU-17.8 20.9A3 1.0011 A 37K-05-0A
33 28-U-A2.88 A2.A07 1.00231 28S-2-1
3A 28-U-75.97 75.722 1.00A12 28HD-5-2
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TABLE NBS-2

SUMMARY OF UNCERTAINTIES ON MASSES OF HEDL SSTR FISSION DEPOSITS

Statistics on Uncertainty on Total
Ratio Reference Deposit Uncertainty
on Mass

No. 1.D. (%) 111 111
1 35N-65 0.25 0.60 0.65
2 35N-62 0.25 0.60 0.65
3 35N-63 0.25 0.60 0.65
A 35N-64 0.25 0.60 0.65
5 Rud-55 0.25 0.60 0.65
6 35N-76 0.20 0.60 0.63
7 35N-77 0.20 0.60 0.63
8 35N-78 0.20 0.60 0.63
9 35N-52 0.20 0.60 0.63
10 35N-53 0.20 0.60 0.63
11 35N-54 0.20 0.60 0.63
12 35N-55 0.20 0.60 0.63
13 37K-1 -1 0.40 1.10 1.17
37K-1 -2 0.40 1.55 1.50
15 37K-05-04 0.30 1.10 1.14
16 37K-1 -2 0.45 1.50 1.57
17 37K-1 -3 0.40 1.10 1.14
18 37K-2-1 0.40 1.10 1.14
19 37K-2-2 0.40 1.10 1.14
20 37K-2-3 0.45 1.50 1.57
21 37K-20 0.45 1.50 1.57
22 37K-3-1 0.40 1.10 1.14
23 37K-3-2 0.45 1.50 1.57
24 37K-3-3 0.40 1.10 1.14
25 37K-3-4 0.45 1.50 1.57
26 37K-3-4 0.40 1.10 1.14
27 37K-31 0.45 1.50 1.57
28 37K-RU-133 0.45 1.50 1.57
29 37K-RU-137 0.40 1.10 1.14
30 37K-RU-141 0.40 1.50 1.55
31 37K-Ru-16.6 0.65 1.10 1.28
32 37K-RU-17.8 0.70 1.50 1.66
33 28-U-42.88 0.50 1.00 1.12
34 28-U-75.97 0.50 1.30 1.40
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B. FINAL PHYSICS-DOSIMETRY RESULTS FOR PCA
E. D. McGarry (NBS), F. H. Ruddy (W/R&D), A. Fabry (CEN/SCK),
L. S. Kellogg, C. C. Preston and R. Gold (HEDL), and J. H. Roberts (MC2)

Objective

The objectives are to resolve discrepancies among PCA neutron dosimetry meas-
urements, derive final dosimetry data for the neutronics characterization of
the PCA configurations used by LWR-PV-SDIP, assign uncertainties to those
results, and then evaluate the data by spectral adjustment techniques so
that a reevaluation of the PCA Transport Calculation Blind Test can be made.

Summary

Comparison of SSTR measurements for 237Np and 238U fission rate with correspon-
ding measurements made in the PCA block with the NBS double fission chamber
have shown a discrepancy of about 10%. It has been concluded that this is a
perturbation effect created by the introduction of the fission chamber into the
PV environment. More specifically, the void introduced by the fission chamber
during measurements in the PCA block produces approximately a 10% perturbation
(increase) in the measured fission rates. Previously published consensus fis-
sion rates for 238U and 237Np in the PCA must now be revised. Furthermore,

the uncertainty will be reduced but this will depend upon the data set (PCA
configuration) under consideration because, for some configurations, consid-
erably more of one type of data exists than for another. These changes in

the PCA experimental results have direct bearing on the PCA Blind Test

results. The basis for the Blind Test evaluations was the C/E ratios. This
change in 238U and 237Np fission rates will increase the averaged C/E ratios
by 75%. FERRET-SAND-II least-squares' analyses will be performed with these
revised fission rates.

Accomplishments and Status

Comparisons of PCA SSTR measurements of 237Np and 238U fission rates with
corresponding fission-rate measurements made with an NBS double fission cham-
ber (FC) revealed a systematic discrepancy of about 10%. Fission chamber
results were always larger and the discrepancy was essentially the same for
fission in 237Np and in 238U. The average ratio of 12 sets of PCA measure-
ments of 238U in the PVS block was 0.890 + 0.023 with no discernable dependence

on PCA configuration or block location. The SSTR/FC ratio for 237Np was
0.906 + 0.026 (Mc85g,Mc86c).

On the basis of these results, a direct comparison between SSTR and fission
chamber measurements was undertaken to determine the cause of the discrep-
ancy. 238U fission rates were measured with SSTRs inside both the usual
SSTR holder and the NBS double fission chamber. Measurements were made in
the PCA, PVS block at the 1/4-T location. The SSTR holder consisted of two
halves of an iron cylinder with a slight disk-shaped void to hold the SSTR.
The fission chamber, which is a 1arger-volume, gas-filled ionization chamber
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(see Figure NBS-1) was also contained inside of an iron cylinder for the PCA
measurements. However, the volume of the void that accommodates the fission
chamber is more like 5 cm} rather than the small 0.2 cm} volume in the SSTR
holder.

Perturbation measurements were made with both 238U SSTRs and 238 ( radio-
metric foils. The ratio of the essentially void-free SSTR measurements to
SSTR measurements inside the fission chamber is 0.900 0.038. Results are
tabulated in Table NBS-3. With less accuracy (+6.4%), the radiometric
results were 0.935 ;+ 0.06. These results further support the existence of a
10% perturbation.

Table NBS-3 presents the results of four SSTR measurements. Because the
void in which the NBS fission chamber resides is not symmetrical with
respect to the chamber centerline, fission chamber results are obtained by
averaging two measurements for which the chamber orientation differs by
180°. Table NBS-3, and previous results (Mc81,Mc84), show that the orienta-
tion causes about a 5% difference. Such orientation averaging is not neces-
sary for the SSTRs, so the PCA-56 and PCA-58 SSTR results indicate the
degree of SSTR measurement reproducibility. These two results differ by
4.5%, which is within the 2a uncertainty band caused by the track counting
statistics amassed together with the uncertainty of run-to-run power
normalization.

The last column of the table gives the measured SSTR fission rate per atom
of deposit thickness divided by the integrated count of a separate fission
chamber that was held fixed during the experiment to serve as a run-to-run
power monitor. In addition, results in the last column include a multi-
plicative factor of 1.0126, which is an SSTR efficiency factor. As
indicated by the tabulated ratios, and the last footnote, there is good
agreement with the mentioned 10% discrepancy observed earlier.

Perturbation-experiment results only provide data for 238U and not for
237Np. This is because of an accident with the NBS fission chamber near
the end of the experiment that prevented data necessary for the 237Np
comparison from being obtained.

Table NBS-4 provides the revised final fission equivalent fluence rates for
237Np and 238U in the 8/7, 12/13, and 4/12 SSC configurations of the PCA.
Table NBS-5 provides fission rates for these same PCA configurations for
237Np, 238U and 232Th. The 232Th data were measured with SSTRs only.

Other data are a complex array of fission chamber, SSTR and radiometric
results.

Expected Future Accomplishments
FERRET-SAND-II least-squares analyses will be performed using the final

physics-dosimetry results for the PCA. Results are expected to be docu-
mented in the LWR-PV-SDIP 1987 Annual Report.
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8-SaN

Details of the steel assembly that holds

the NBS fission chamber during measurements
in the PCA-PV facility: (A)-Method for surrounding
the chamber stem with steel; (B)-Inserting the

chamber into the steel tube used to lower it into

the various PV positions; (C)-Slot at bottom of

steel tube to provide for 0° or 180° orientation.

FIGURE NBS-1.

Steel Assembly Used to Hold NBS Fission Chamber During Measurements

in the PCA-PV.
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TABLE NBS-3

PCA FISSION CHAMBER PERTURBATION EXPERIMENT FINAL SSTR RESULTS

Run I.D. Integrated Power Track Density Deposit Thickness Fission Rate
(Mol Fission Chamber Count) (tracks/cm2| (lig/cm2) (fissions/atom/ [FC count])

PCA-55 (FC-0°) 468800 25870 (£1.79%) 34.41 (£0.8%) 6.418X10-19 (+2.23%)
PCA-56 (RM-0°) 380100 32260 (£0.78%) 61.36 o B 5.536X10-" 9 (£2.14%)
PCA-58 (RM-0°) 135100 11980 (+1.43%) 61.36 (£0.5%) 5.784X10-19 (+2.14%)
PCA-59 (FC-180°) 476000 25200 (£1.80%) 34.41 (£0.8%) 6.158X10-"19 (£2.79%)
Average of the two "void-free" runs (PCA-56 & PCA-58) = 5.660X10-'9 fiss/a/FC count (+3.10?)
Average of the two fission chamber rotations (PCA-55 & PCA-59) = 6.288X10-'9 fiss/a/FC count (£2.973)
(SSTR) "void-free" 5.660X10-"9 KA KK
———————————————————————————— Pk kEEoeRkdo— = 0,900 (+3.6%)
(SSTR) fission chamber 6.288X10-"9

————————————————————— s L0112 (£3.69)

*Numbers in parentheses indicated agreement between three independent scanners; 3000 tracks
were scanned (la = 1.83%) by each scanner.
**HEDL deposit calibrations of April 1984.
**Assuming 1% uncertainty on the run-to-run power-level monitor.
****This result is in good agreement with the average value of 0.889 (+2.6%) from 12 SSTR-to-FC,

238U fission-rate ratio measurements from the PCA. Similar results were observed for
237Np at the PCA.



Midplane
Location

TSF
PVF
14 T
12 T
3/4 T

(Al')
(A3)
(A4)
(AS)
(A8)

TSF
TSB
PVF
/4 T
12 T
3/4 T
VB

(Al')
(A2)
(A3)
(A4)
(A5)
(AB)
(A7)

SSC
174 T
172 T
3/4 T
VB

(A2)
(A4)
(A5)
(AB)
(A7)

*Only CEN/SCK fission chamber measurements were made at these
**0Only HEDL SSTR measurements were made at these

TABLE NBS-4

RECOMMENDED VALUES FOR 237NpAND 238U
(PCA Equivalent Fission Fluxes)

Distance from
Core (cm)

7.9
19.7
29.5
34.7
401

12.0
23.8
29.7
39.5
447
50.1

59.1

15.6
30.5

35.7
411

50.1

Equivalent Fission Fluxes

(8/7 Configuration)

1460
164
53.3
30.1
14.6

(12/13 Configuration)

588
55..1
22.9

8..77
4.63
2.47
0.72

(4/12 SSC Configuration)

631
46.7
25.7
13.2

4.01

per PCA Core Neutron (x 108)
237Np

—S-rTjj—
(£6.2%)
(£6.3%)
(£6.2%) 29.0 (+4.8%)
(£6.7%) 12.9  (+5.0%)
(£6.1%) 53 (+4.8%)
(£5.3%)**
(£5.3%)***
(£5.8%) 19.2  (£5,.8%)
(£5.5%) 5.49 (+4,.9%)
(£6.8%) 2.39 (4,9%)
(£5.3%)*** 1.01  (4..9%)
(£7.3%) 0,28 (+4,.9%)
(+4.8%)*" 364.  (+4.8%)
(£4.8%) 21.0  (+4.8%)
(+4.8%) 961 (+4.8%)
(£5.7%)* ** 4 00 (£6.0%)
(£5.8%) 1.02 (+5.8%)

locations.

locations

***These measurements were averages of CEN/SCK fission chamber and HEDL
No detectable bias existed between the two laboratories

SSTR results.
results.

****0Only NBS fission chamber measurements were made at these locations.
Former (Mc84i) values were reduced by multiplication by 0.90.
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RECOMMENDED VALUES FOR 237Np,

Midplane
Location

TS (A1)
PVF  (A3)
174 T (A4)
12 T (A5)
3/4 T (A6)
VB (A7)

TSF (A1)
TSB  (A2)
PVF  (A3)
174 T (Ad)
12 T (A5)
3/4 T (A6)
VB (A7)

SSC  (A2)
174 T (A4)
12 T (A5)
3/4 T (A6)
VB (A7)

*The values

Distance from
Core (cm)

7.9
19.7
29.5
34.7
40.1

491

12.0
23.8
29.7
39.5
44.7
50.1

59.1

15.6
30.5
35.7
41 1
50.1

in this table are related to those

TABLE NBS-5

238U, AND 232Th FISSION RATES

-

Fission Rates per Core Neutron
(fissions/atom/neutron) X1033

2 37Np

2 3BU

(8/7 Configuration)

19500  (+6.2%)
2190  (+6.3%)
711 (26.2%)
402 (£6.7%)
195 (+6.1%)

89.2 (+4.8%)
39.8 (25.0%)
16.2 (24.8%)

(12/13 Configuration)

7850  (£5.3%)
735  (£5.3%)
305 (15.8%)
17 (+5.5%)
61.7 (+6.8%)
33.0 (25.3%)

9.6 (+7.3%)

59.1  (+5.8%)
16.9  (£4.9%)
7.39  (£4.9%)
3.11  (£4.9%)
0.867 (£4.9%)

(4/12 SSC Configuration)

8420 (+4.8%)
623 (x4.8%)
343 (24.8%)
178 (£5.7%)

53.5 (+5.8%)

1120 (24.8%)
64.6  (+4.8%)
206  (+4.8%)
126  (+6.0%)

3.14 (+5.8%)

23 2Th*

215  (+4.8%)
9.24 (+4.8%)
3.46 (+4.8%)
0.782 (+5.0%)

3.56 (£4.9%)
1.55 (+5.1%)
0.595 (+4.9%)
0.132 (+4.7%)

in Table NBS-5 by the

factors of 1.334 barns for 237Np and 0.308 barns for 238U; additional

uncertainties have not been factored

NBS-11
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C. ASTM STANDARD HE AND NBS COMPENDIUM
E. D. McGarry and J. A. Grundl (NBS)

Objective

The objectives are to produce a new ASTM Standard Guide for referencing

reactor pressure vessel surveillance dosimetry measurements to irradiations
in benchmark neutron fields and to provide a compendium of the physical and
radiation characteristics of the benchmark fields.

Summary

See Accomplishments and Status.

Accomplishments and Status

1.0 ASTM Standard | IE

In parallel with the development of a compendium and in support of the
LWR-PV-SDIP development of engineering types of benchmark fields or facili-
ties, a new ASTM standard guide E706(lIIE) entitled "Benchmark Testing of

Reactor Vessel Dosimetry" will be reviewed at the ASTM E10.05 meeting in
Tampa, FL, January 26-28, 1987.

2.0 Compendium

The 1986 version of the NBS Compendium of Neutron Fields for Benchmarking
LWR-PV Surveillance Dosimetry was published as NBSIR-85-3151. The next
entry will be the PCA, which will be based on updated integral data,
including the recommended fission rate results of Table NBS-2.

Expected Future Accomplishments

Work wvill continue on the next updated revision of the NBS Compendium and

completion of the revision, ballotting and acceptance of the E706(lIE)
standard. The schedule for this last effort is provided in Figure S-2.

NBS-12
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A. ONE-DIMENSIONAL NEUTRON TRANSPORT ANALYSIS OF THE GUNDREMMINGEN BOILING
WATER REACTOR*
S. L. Anderson (W-NTD)

Ob.iecti ve

The objective of the present work was to provide a one-dimensional (ID)
discrete ordinates neutron transport analysis of the Gundremmingen boiling
water reactor (BWR) geometry. This ID analysis could be used for scoping
evaluations of the neutron field within the reactor for use in the correlation
of neutron damage data obtained from materials surveillance capsules as well
as from trepans of material removed from the pressure vessel (PV).

Summary

This report was prepared by W-NTD in support of the NRC-sponsored LWR-PV-SDIP.
Results are given of a ID discrete ordinates neutron transport analysis of the
Gundremmingen BWR geometry. Neutron exposure parameter values (E > 1.0 MeV),
(E > 0.1 MeV) and dpa in iron are listed for a location one inch from the
outer radius of the core shroud as well as at the cladding/vessel wall. Also
presented at each location are the ratios of fluence (E > 0.1 MeV) and dpa to
fluence (E > 1.0 MeV). These ratios provide insight into the spectral shift
toward lower energies that occurs with penetration into the PV and are an
indicator of the different attenuation slopes exhibited by the three exposure
parameters. Calculated neutron spectra at six locations within the reactor
geometry are also given. These spectra are suitable for use as input to
adjustment codes or for direct determination of spectrum-averaged cross
sections to be used in dosimetry evaluations for the PV. Since surveillance
capsule perturbation effects have not been addressed, caution should be
exercised in the use of these data for damage or dosimetry assessments.

Results of a three-dimensional (3D) neutron spectrum analysis performed by IKE
(Institut fur Kernenergetik und Energiesysteme, Universitat Stuttgart) are
briefly summarized and are referenced in Section IKE-A.

Accomplishments and Status
1.0 Background

The purpose of this analysis was to provide scoping evaluations of the neutron
field within the reactor for use in the correlation of neutron damage data
obtained from Gundremmingen materials surveillance capsules as well as from
trepans of material removed from the reactor vessel beltline region. In
particular, the intent was to investigate the neutron spectral differences
that occur between the surveillance locations and positions at the inner
diameter and through the thickness of the reactor vessel wall.

*Prepared as FSD-RSA-85/2701 under purchase order Y4W-S44-26847 between W-NTD
and WHC.
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This report provides the results of a ID discrete ordinates neutron transport
analysis of the Gundremmingen boiling water reactor geometry.

2.0 Introduction

Because of limitations inherent in the ID analysis approach, accurate assess-
ment of the absolute magnitude of important exposure parameters such as
fluence (E > 1.0 MeV), fluence (E > 0.1 MeV), or iron displacements per atom
(dpa) are not possible. Key factors including two-dimensional (2D) effects
introduced by core geometry, three-dimensional (3D) wvariability in reactor
power distributions, and local perturbations induced by the presence of
surveillance capsules and associated structure cannot be adequately addressed
using the ID approach. However, neutron spectral variations which, on a
relative basis, are generally controlled by local rather than global geome-
tries can be evaluated with good accuracy using ID techniques. The single
exception to this rule would occur within a surveillance capsule where even
the local geometry is not modelled in the calculations.

Given these limitations in the analytical approach, the direction taken in
this report is to provide neutron spectra and exposure parameters relative to
a source of 1.0 n/s-cm in the reactor core. In subsequent sections of this
report, data are presented for the O-T, 1/4-T, 1/2-T, 3/4-T, and 1-T positions
within the PV wall as well as for a position in the water annulus located
between the core shroud and the thermal shield. The vessel data, in partic-
ular, should represent a good basis for the evaluation of neutron dosimetry
obtained from the trepans and should be valuable in the evaluation of varia-
tions in damage rates caused by spectral differences through the thickness of
the PV wall. Furthermore, when ultimately normalized to the dosimetry data,
these spectral sets will provide a description of the absolute exposure fields
within the PV wall.

The additional set of spectral data provided for the downcomer region is
intended for illustrative purposes only. Since surveillance capsule materials
were not included in the calculation, the data do not include capsule pertur-
bation effects and, as such, do not accurately represent surveillance specimen
exposures. The data merely provide an indication of the relative strength of
the neutron field in the vicinity of the capsule.

3.0 Method of Analysis

In the analysis of the neutron environment within the Gundremmingen reactor,
predictions of the spatial and energy variations of the neutron field were
made with the ANISN ID discrete ordinates code (So70). The analysis employed
47 neutron energy groups and a P, expansion of the scattering cross sections.
The cross-sections used in the analysis were obtained from the SAILOR cross-
section library (OaSa), which was developed specifically for light water
reactor (LWR) applications. The neutron energy group structure used in the
analysis is listed in Table NTD-1. In the one-dimensional calculation, the
angular discretization was approximated with an Sg order of angular
quadrature.
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TABLE NTD-1

47-GROUP ENERGY STRUCTURE

Lower Energy

(MeV)

14.19(a)

12.21

10.00
8.61
7.41
6.07
4.97
3.68
3.01
2.73
2.47
2.37
2.35
2.23
1.92
1.65
1.35
1.00
0.821
0.743
0.608
0.498
0.369
0.298

is 17.33 MeV.
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Group

25
26
27
28
29
30
31

32
33
34
35
36
37
38
39
40
41

42
43
44
45
46
47

Lower Energy

(MeV)

0.183
0.111
0.0674
0.0409
0.0318
0.0261
0.0242
0.0219

0.0150
7.10x1 O'3

3.36X10-3
1.59x10-3
4.54x10~4
2.14X10-4
1.01xI0_4
3.73x10~5
1.07x10~5
5.04x10~6
1.86x10"6
8.76x10"7
4.14x10%7
1.00xI0"7

0.00



The physical dimensions of the Gundremmingen reactor as well as the material
compositions were obtained from correspondence.* The model used in the
analysis was as follows:

Reactor core outer radius 137.45 cm
Shroud inner radius 147.45 cm
Shroud outer radius 150.45 cm

Thermal shield inner radius 180.45 cm
Thermal shield outer radius 182.99 cm

Vessel clad inner radius 185.53 cm
Vessel inner radius 186.16 cm
Vessel outer radius 199.49 cm
Insulation outer radius 209.49 cm
Shield inner radius 229.49 cm

The model as described is representative of geometric regions located on the
reactor core axial midplane. The core region itself has been modelled as an
equivalent area cylinder in the ID computation. No DB* corrections to
approximate axial leakage from the system were applied to any of the geometric
regions in the problem.

As stated earlier, the one-dimensional calculation was normalized to a total
source strength of one neutron per second per centimeter of core height. The
spatial distribution was taken to be constant with radius and the energy
distribution of the source was assumed to be given by the ENDFB-IV Uranium-
235 fission spectrum provided with the SAILOR cross-section library.

Strictly speaking, the assumption of a neutron source that remains constant
with core radius is not accurate. However, since the purpose of this calcula-
tion is to provide spectral variations and not absolute magnitudes, the error
introduced by the employment of this assumption is considered to be negli-
gible.

4.0 Results of Analysis

Results of the ID neutron transport analysis of the Gundremmingen reactor are
given in Tables NTD-2 and NTD-3. In Table NTD-2, exposure parameters

(E > 1.0 MeV), (E > 0.1 MeV, dpa) are listed at a location one inch from the
outer radius of the core shroud as well as at the clad/vessel wall. Also
presented at each locationare the ratios of fluence (E > 0.1 MeV) and dpa to
fluence (E > 1.0 MeV). These ratios provide insight into the spectral shift
toward lower energies thatoccurs with penetration into the PV and are an
indicator of the differentattenuation slopes exhibited by the three exposure
parameters.

Correspondence from Fendler and Preusch, "Auslegung der Abschirmung des
Reaktorkernes (1007-237MW KRB)," AEG-6343, Allgemeine Elektricitats
Gesellschaft, FRG, January 1964, and "Neutronen-und Gammastrahlungs -
messungen im Kernkraftwerk Gundremmingen," Kraftwork Union
Aktiengesellschaft, FRG, R315/35/1977, August 1977.
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TABLE NTD-2

CALCULATED EXPOSURE PARAMETERS WITHIN THE
GUNDREMMINGEN REACTOR GEOMETRY

LOCATION  <|>(E>1.0MeV) <j>(E>0. IMeV) dPa/sec <j,(E>0.1) dPalsec
<)E>1.0)  ji(E>1.0)

SURV. 1.61 x 10-6 419 x 1Q"6 2.52 x 10-27 2.60 157 x <92
oT 6.66 x 10-8 1.84 x 10-7 1.10 x 10-28 2.76 1.65 x 10-21
1/4T 4.85 x 10-8 1.75 x 10-7 8.89 x 10-29 3.61 1.83 x 10-21
1/2T 3.33 x 10-8 1.54 x 10-7 6.96 x 10-29 4.62 2.09 x 10-21
3/4T 1.85 x 10-8 1.20 x 10-7 4.84 x 10-29 6.49 2.62 x 10-21

IT 1.23 x 10-8 9.97 x 10-8 3.79 x 10-29 8.1 3.08 x 10-21

In Table NTD-3, the calculated neutron spectra at the six locations within the
reactor geometry are given in the group structure shown in Table NTD-1. The
group fluxes listed in Table NTD-2 for the PV locations are suitable for use
as a spectrum guess for input to adjustment codes or for direct determination
of spectrum-averaged cross sections to be used in dosimetry evaluations for
the PV. The fluxes are also suitable for use in establishing damage gradients
through the PV wall. Again, since the data for locations near the core shroud
do not include capsule perturbation effects, caution should be exercised in
the use of these data for damage or dosimetry assessments.

Expected Future Accomplishments

Work on this subject by W-NTD is complete.
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TABLE NTD-3

CALCULATED NEUTRON SPECTRA WITHIN THE GUNDREMMINGEN REACTOR

Surv.

2.08x10%10
8.06X10"10
3.45x10"9
7.17X10-9
1.37x10-8
3.53x10-8
5.64x10-8
1 .24x10-7
1.12x1 O"7
8.49x10'8
9.79x10-8
4.72x10"8
1.31x10_8
6.31x10-8
1.57x10~7
1.87x10“7
2.64x10"7
4.48x10"7
3.10x10<7
1.61x10~7
3.86x10-7
3.24x10-7
3.50x1 O'7
3.07X10"7
4.73X10-7
4.17X10"7
3.38x10-7

oT

1.97x10_11
7.53x10-11
2.69x10_1°
5.08x10_1°
8.59X10-10
1.97x10%9
2.74x10-9
5.16X10-9
4.03x10-9
3.17x10™9
3.65x10-9
1.85X10"9
5.25x10™10
2.50x10~9
6.30x10-9
7.03x10-9
1.OIx1O-8
1.58x10-8
1.04x10~8
5.64x10"9
1.66X10-8
1.27X10-8
1.61x10-8
1.55x10“8
1.97x10-8
2.01X10-8
1.71X10-8

NEUTRON FLUX fn/cm2-sec1/SOURCE NEUTRON

1/4T

1.19x10-11
4.58x10™1
1.60X10"10
2.98x10
4.97X10-10
1.13x10™9
1.52x10-9
2.88x10-9
2.38x10-9
1.99x10_9
2.35x10"9
1.20x10_9
3.55x10
1.75x10"9
4.48X10”9
5.42x10-9
8.03X10"9
1.41x10"8
9.74x10-9
4.84x10-9
1.90x10_8
1.31X10"8
1.87x10“8
1.97x10“8
1.90x10“8
2.28x10"8
2.04x10-8
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1/2T

7.51x10 12
2.89X10™11

9.98x10_11
1.82x10_1°
2.98X10-10
6.59X10-10
8.70x10-10
1.65x1 O"9
1.41x10™9
1.20x10”9
7 =< O 2
7.39x1010
2.28xI10_1°
1.13X10"9
2.92X10"9
3.77x10~9
5.71x1 O"9
1.10x10“8
8.06x10-9
3.83x10-9
1.77X10-8
1.18X10"8
1.80X10-8
2.04x10“8
1.75x10-8
2.28x10~8
2.11X10-8

3/4T

3.81X10”12
1.46x10_11
4.80x10-11
8.70x10"11
1.38X10-10
2.95X10-10
3.77X10-10
7.15X10-10
6.42X10"10
5.63x10
6.84x10_1°
3.52x1 0'10
1.14x10_1°
5.73X10'10
1.48x10_9
2.09x10-9
3.26x10~9
7.05x109
5.64x10-9
2.57X10”9
1.43x10-8
9.52x10"9
1.53X10-8
1.90x10~8
1.48x10”8
2.05x10"8
2.01X10-8

IT

2.42x10 12
9.30X10"12
2.98X10"11
5.30x10"11
8.25X10-11
1.72x10"10
2.16x10-10
4.08X10-10
3.77x10'10
3.36x10™1°
4.12X1010
2.13x10410
7.03x10-11
3.58x1 0'10
9.31X10-10
1.38x10~9
2.18x10-9
5.08X10"9
4.32x1 0'9
1.92x10"9
1.19x10"8
7.94x10-9
1.31xI10-8
1.70xI10_8
1.28x10~8
1.84x108
1.82x10-8



28
29
30
31

32
33
34
35
36
37
38
39
40
41

42
43
44
45
46
47

Surv.

2.88x1 O'7
1.19x10“7
8.58x1 O'8
5.99x10~8
6.02X10*8
1.71x10-7
3.14X10"7
3.22x10"7
3.22x10%7
5.27x10“7
3.04x10-7
3.16X10"7
4.27x10-7
5.37x10-7
3.21x10~7
4.15x1 O"7
3.00x10"7
2.85x10"7
8.85X10"7
3.76x10"6

oT

o = F
4.65X10"9
3.53x10"9
5.44x10"9
3.43X10"9
7.46X10"9
1.25x10~8
1.56x10~8
1.48x10"8
2.35X10"8
1.45x10~8
1.52x10“8
2.06x1008
2.61X10"8
1.56x108
2.02x10~8
1.45x10"8
1.37x10°8
3.96X10"8
1.56x10~7

TABLE NTD-3

NEUTRON FLUX fn/cm”-secl/SOURCE NEUTRON

1/4T

1.05x10~8
2.83x10™9
1.50x10"9
6.76x10“9
4.03x10"9
6.90x10"9
6.11X10™9
1.25x10"8
1.07X10"8
1.46x10~8
8.27X10"9
9.42X10"9
1.33x10~8
1.64x10~8
9.25x10"9
1.06x10~8
6.59x10"9
S.1IxIO™9
7.51x1 O™
1.21x10~8
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(Cont'd)

1/2T

9.73x10"9
2.37X10™9
1.24x10~9
6.74X10™9
4.15x10™9
6.52x10™9
4.10x10~9
9.76x10~9
8.23X10™9
1 .0Ix108
5.44X10™9
6.19X10"9
8.90x10~9
1.08x10~8
5.93x1 0"
6.30x10™9
3.55x10™9
2.38X10"9
2.02x10™9
1.30x1 O"9

3/4T

8.54x10-9
2.0IxI0"9
1.05x10-9
6.23x10"9
3.98x10"9
5.87X10"9
2.90x10™9
6.90x10-9
5.71x10-9
6.43x10_9
3.29x10"9
3.57X10"9
5.03X10"9
6.00xI0"9
3.21x10-9
3.19x10-9
1.64x10-9

9.67x10-1°
4.97X10-10
1.28x10-1°

IT

7.60x10-9
1.77x10-9
9.25x10-10
5.69X10™9
3.70x10-9
5.33x10-9
2.47x10-9
5.61X10-9
4.55x10-9
4.92x10"9
2.47X10-9
2.59x10-9
3.53x10-9
4.13X10-9
2.18x10-9
2.09X10-9
1.05x10-9
5.87X10"10
2.62x10-10
5.33x10-11



B. EVALUATION OF SURVEILLANCE CAPSULE AND REACTOR CAVITY DOSIMETRY FROM

H. B. ROBINSON UNIT 2, CYCLE 9
E. P. Lippincott, T. V. Congedo, S. L. Anderson (W-NTD); W. N. McElroy,
L. S. Kellogg, W. Y. Matsumoto, R. Gold (HEDL); B. M. Oliver (RI-RD);
J. H. Roberts (MC#%); E. D. McGarry (NBS)

Ob.iecti ve

The objective of the present work is to complete the documentation of
H. B. Robinson as a PWR physics-dosimetry benchmark that is linked to the
PCA, PSF, VENUS, and NESDIP LWR-PV-SDIP series of benchmarks.

Summary

Neutron dosimetry measurements were made for the H. B. Robinson plant during
Cycle 9. The dosimetry was contained both at a replacement physics-dosimetry
surveillance capsule location and in the reactor cavity outside the vessel.
Excellent experimental results were obtained that can be used to bench-

mark calculations of neutron transport through the reactor vessel for

H. B. Robinson and other similar reactors. Calculations performed by
Westinghouse show good agreement with measured flux profiles, but the flux
magnitude is underpredicted by 15% to 20% at both the surveillance and reactor
cavity measurement locations. Reasonable agreement with measured spectral
shape is also attained. By using a combination of the calculations and
measurements, the fluence at all points in the reactor vessel can be deter-
mined to a high degree of accuracy.

Work will continue to link NESDIP and VENUS into the LWR-PV-SDIP series of
benchmarks and place them in context with the studies being or already carried
out in PCA, PSF and a selected number of existing PWR and BWR power plants.
The establishment of H. B. Robinson as one of the PWR benchmarks is, there-
fore, an important accomplishment. Detailed results of the H. B. Robinson
measurements and calculations are reported in WCAP-11104 (NUREG/CR-4576),

Ref (Li85).

Accomplishments and Status

In order to determine neutron exposure levels throughout the reactor vessel
geometry with a minimum uncertainty, it is necessary to employ a combination
of rigorous analytical techniques and state-of-the-art neutron dosimetry. In
particular, neutron transport calculations coupled with neutron sensor sets
located in the reactor cavity annulus between the pressure vessel (PV) and the
primary biological shield provide a promising approach to the determination of
both axial and azimuthal exposure gradients within the PV. In addition, such
measurements provide a means to test the veracity of analytically determined
through-wall neutron exposure gradients.
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As a demonstration of the use of this approach, Carolina Power and Light
Company entered into a cooperative venture with the NRC-sponsored LWR Pressure
Vessel Surveillance Dosimetry Improvement Program (LWR-PV-SDIP) to perform
measurements within the reactor cavity of the H. B. Robinson Unit 2 reactor
during the ninth fuel cycle.

This cavity dosimetry program was designed to provide a mapping of the neutron
exposure over the entire 12-foot height of the reactor core within an
azimuthal sector of 45°. Since the reactor core and internals exhibit 1/8th
core symmetry, measurements limited to a 45° sector are representative of a
complete azimuthal traverse. During reactor operation, significant deviations
from octant symmetry would be detected by the four active power range monitors
also located in the reactor cavity. Further limitations placed on core
operation with significant quadrant to quadrant power tilts would preclude
conditions of asymmetry existing for extended periods.

Coincident with the cavity dosimetry irradiation, an in-vessel dosimetry
experiment was also conducted to provide a correlation between the cavity data
sets and the measurements obtained at a typical surveillance position. This
internal experiment was in part funded by the LWR-PV-SDIP with additional
support from the Electric Power Research Institute (EPRI).

The replacement surveillance capsule dosimeter set was designed to be
installed in a vacant capsule holder attached to the thermal shield at an
azimuthal location of 20° relative to a core cardinal axis. Sensor sets were
placed at the center of the replacement surveillance capsule such that
measurements could be obtained at the axial core midplane. The azimuthal
position of the replacement capsule was chosen so that the internal data were
obtained from the same reactor octant as the bulk of the external experimental
data.

Having both internal and external measurements using the same state-of-the-art
sensor sets irradiated over the same power/time history provides the best
available opportunity to demonstrate the adequacy of the sensor sets over a
wide range of environmental and neutronic conditions. Also, the data from
both measurement locations can be used to test the analytical capability to
predict exposure levels at points between the measurement locations, i.e.,
within the PV itself.

Based on the average of the exposure parameters extrapolated from the measure-
ment locations inside and outside the vessel, the best-estimate neutron flux
and dpa/s values at the maximum exposure location on the vessel during the
Cycle 9 irradiation are as follows:

Exposure Rate Values la Uncertainty (%)
(E > 1.0 MeV) =3.75 x 1010 n/cm2*s 10
(E > 0.1 MeV) =1.00 x 1011 n/cm2.s 18

dpa rate =6.15 x 10" dpa/s 15
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From a measurement viewpoint, excellent results were achieved at both the
surveillance and cavity positions because of the excellent agreement of foil
results and the number of reactions available. This experiment serves as an
important benchmark experiment for the validation of cavity dosimetry to
provide improved data for vessel exposure determination. The experiment also
demonstrated the potential application of SSTR and HAFM for surveillance
dosimetry.

From an analytical viewpoint, the importance of careful attention to both
cavity geometry and core neutron source was highlighted. Improved agreement
between exposure parameters extrapolated from the vessel and the cavity was
achieved by one-dimensional calculation estimates of effects not included in
the two-dimensional transport calculation. These results provide insight to
enable more sophisticated calculations to be conducted in the future that can
be expected to provide improved agreement.

Expected Future Accomplishments

Work will continue to link the H. B. Robinson benchmark into the series of
LWR-PV-SDIP benchmark and ASTM standards.
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C. SUMMARY OF NEUTRON AND GAMMA-RAY FLUX CALCULATIONS FOR THE VENUS PWR
ENGINEERING MOCKUP
A. H. Eero (W-NTD)

Objective

The objective of this work is to perform transport theory calculations and
analysis of the neutron and gamma-ray fluxes in the VENUS PWR engineering
mockup benchmark experiment.

Summary

This summary describes the analysis of neutron and gamma-ray fluxes in the
VENUS PWR engineering mockup benchmark experiment (SCK/CEN Mol, Belgium). The
full report is available as WCAP-11173, NUREG/CR-4827, December 1986. Results
will also be included in NUREG/CR-3323 (to be published).

Accomplishments and Status

This VENUS PWR mockup is unique in two ways. It is the first mockup to cor-
rectly represent the heterogeneities that exist in the PWR core peripheral
fuel assemblies, core baffle, core barrel, and neutron pad. This is accom-
plished by using low-enrichment (3.3 and 4.0 wt% 235u) fue]| p-jns anc| a
representative PWR fuel assembly geometry (15 x 15) with ful1-thickness

Type 304 stainless steel reactor internals structures located with representa-
tive water gap spacing. The VENUS mockup also represents locally the stair-
step geometry of the core periphery. Second, the VENUS mockup is extremely
well characterized in terms of as-built dimensions, material compositions, and
pin-by-pin core power distributions. Engineering details of the mockup as
well as nuclear and experimental data will be published in NUREG/CR-3323.
Figure NTD-1 is a dimensioned illustration of the VENUS model geometry with
the experimental data locations identified.

The analysis of VENUS was performed using the methods and procedures used to
analyze commercial PWRs. Specifically, two-dimensional discrete ordinates
transport theory calculations were performed using the DOT-IIIW code.
Calculations were run in both X-Y and R-theta geometries for a 90 degree
sector of the mockup. The finite height (50 cm) of the VENUS mockup was
accounted for in the X-Y and R-theta DOT calculations by the use of group- and
zone-dependent DB* terms derived from axial leakages calculated in a DOT R-Z

geometry approximation of the mockup.

Fixed distributed source calculations were run S8-P3 using the ENDF-B/N MU

thermal fission neutron spectrum and cross sections from the SAILOR and

BUGLE-80 (coupled, 47 neutron, 20 gamma-rayl\i;ro%)s) cross-section libraries.
Microscopic cross sections for Cr, Mn, Fe 1, r, and *™U Were obtained from

the SAILOR cross-section library (Si83). Microscopic cross sections for H, B,
0, Si, Mo, Co, Sn and ““*U were obtained from the BUGLE-80 cross-section

library (Ro80a). Both libraries are derived from the VITAMIN-C (171-N, 36-G)
cross-section library (Ro77c). In preparing the SAILOR cross sections for

W-NTD-12



fuel and steel constituents, the VITAMIN-C cross sections are self-shielded in
PWR fuel cell and PWR steel/water downcomer geometries. Note that the
VITAMIN-C and SAILOR-coupled libraries do not include delayed fission product
gamma-rays and that this component must be included in most reactor gamma-ray
calculations. A coupled neutron gamma-ray cross-section set for 2358 with
both prompt and delayed fission product gamma-ray components is available on
the BUGLE-80 library. The delayed fission product gamma-ray data are for 235U
thermal fission for 1I0O*3 seconds. Macroscopic cross sections for the 3/0 and

4/0 fuel regions and for the Pyrex®absorber cells were produced by cell
homogenization in ANISN runs. The fast reaction dosimetry cross sections are
taken from the SAILOR dosimetry file. These data, in turn, are a processing
ENDF/B-IV dosimetry cross sections in a SAND-Il Library collapsed over the
spectrum at a 1/4-T position in a PWR reactor vessel. The gamma-ray energy
deposition response was developed from the kerma factor data (eV-barn/atom) on
the BUGLE-80 library, which in turn was obtained from (Go82d). The photo-
fission cross sections were taken from (Ve80). The conversion of reaction
rates to equivalent fission fluxes used fission spectrum-averaged reaction
cross sections (As85).

Calculated results are taken from both the X-Y and R-theta DOT runs. Calcu-
lated values in the center hole, inner baffle, 3/0 fuel, 4/0 fuel, and outer
baffle are taken from the X-Y DOT run while calculated values in the core
barrel, the water gap between the core barrel and the neutron pad, and the
neutron pad are taken from the R-theta DOT run. Values in the water between
the outer baffle and the core barrel were obtained from both DOT runs. Tables

NTD-4 through 6 present comparisons of calculated and experimental equivalent
fission fluxes for fast neutron reactions in *3'Np (n,f), (n,f), 3i3Ni

(n,p), and ™3In (N”™7). Refer to Figure NTD-1 for the location of the data
points in the VENUS geometrx. Tables NTD-7 and 8 contain the calculated
photoreaction data for the ~3*Np (Y.f), 33U (™., f), and ™3In (Y.Y') reactions
at the same locations used in Tables NTD-4 through 6. Ratios of calculated
photoreaction to calculated neutron reaction, and ratios of calculated neutron
plus photoreaction to total measured reaction are also provided. Table NTD-9
presents comparisons of a calculated and measured gamma-ray energy deposition
rate data in the VENUS steel regions. The measured data presented are the
average of three different measurements (made by SCK/CEN using AIl203 TLDs, RRA
using 7LiF TLDs, and CEGB using BeO TLDs).

An examination of the comparisons of calculation to measurement for the fast
neutron reactions (Tables NTD-4 through ) shows overall agreement that is
generally within +10%. There is a clear indication of a radial calculation
bias, with a tendency to underpredict the measurements farther away from the
core (core barrel and water gap 1l1). There is excellent agreement in the pre-
diction of the azimuthal behavior in the system. Any azimuthal bias is not
strong enough to be distinguished from the scatter present in the C/E ratios.
An examination of Tables NTD-7 and 8 shows that, based on the calculations,

Pyrex is a registered trademark of PUREX Corporation, Lakewood, CA.
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photo reactions do not play a major role in the VENUS measurements Photo-
fission contributions for 238U are on the order of 2 to 6% with 237" photo-

fission contributions about half of that. Photoreactions in ~15In are
negligible. The comparison of calculated-to-measured gamma-ray energy deposi-
tion in the stainless steel internals structures (Table NTD-9) shows a general
underprediction of the measurements (3% in the baffles, 5% in the core barrel,
and 20% in the neutron pad) and also shows a radial calculation bias with
greater underprediction further from the core.

Expected Future Accomplishments

Publication of the final report (WCAP-11173; NUREG/CR-4827) completes this
work. Appropriate parts of this work, however, will be used and incorporated
into NUREG/CR-3323 (VVol. 1 and 2), see the Summary section and Table S-I.

NOTE:

V2 RADIUS *56.515 CM
V3 RADIUS *62.766 CM
(X.Y) ARE VENUS GRID COORDINATES
GRID PITCH * 1 26 CM

56 073 CM

WATER OAR |

OUTER 6AEFLE

(-31. -20)

R * 640
= 627
R - 615
WATER GAP II

3/OPUEL 4/0 FUEL

0«0

R - 577

R - 552

FIGURE NTD-1. VENUS PWR Engineering Mockup Key Dimensions and Location of
Experimental Data Points.
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TABLE NTD-4

COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUXES IN THE STEEL REGIONS

Np-237 (n.f) I:.P. U-238 (n.f) F.P. N1-58 (n.p) Co-58 In-115 (n.n') In--115m
VENUS
LOCATION CALC EXP C/E CALC EXP C/E CALC EXP C/E CALC EXP C/E
INNER BAFFLE
(-1. +2) 0 =8.1° 2.5849 2.52+9 1.02 1.84+9 1.91+9 0.96 1.55+49 1.51+49 1.03 1.88+9 1.90+9 0.99
(-1. -1) 0 » 45.0° 3.0749 2.95+9 1.04 2.22+49 2.28+9 0.97 1.88+9 1.82+9 1.03 2.26+9 2.30+9 0.98

OUTER BAFFLE

(-29. +2) 0 =0.9° 1.03+9 1.10+49 0.94 7.50+8 7.96+8 0.94 6.43+8 6.38+8 1.01 7.63+8 7.83+8 0.97
(-29. -2) 0 = 8.1° 9.78+8 — —_ 7.13+8 7.37+8 0.97 6.11+8 6.06+8 1.01 7.25+8 7.37+8 0.98
(-29, -7) 0 = 16.8° 7.91+8 8.21+8 0.96 5.75+8 6.12+8 0.94 4.92+8 4.97+8 0.99 5.85+8 5.98+8 0.98
(-29. -12) 0 = 24.7° 4.76+8 4.91+8 0.97 3.37+8 —_ — 2.84+8 2.93+8 0.97 3.45+48 3.52+8 0.98
(-27. -14) 0 = 29.2° 4.95+8 5.08+8 0.97 3.51+8 3.64+8 0.96 2.97+8 3.07+8 0.97 3.59+8 3.64+8 0.99
(-22. -14) 0 = 34.0° 9.46+8 9.67+8 0.98 6.82+8 7.26+8 0.94 5.80+8 5.72+8 1.01 6.95+8 7.16+8 0.97
(-17. -14) 0 = 40.2° 1.5549 1.60+9 0.97 1.1049 1.1549 0.96 9.34+8 9.31+8 1.00 1.13+49 1.1849 0.96
CORE BARREL

(-37. +2) 0 =10.7° 1.16+8 1.21+8 0.96 8.75+7 1.00+8 0.88 7.71+47 9.01+7 0.86 8.77+7 9.72+47 0.90
(-37. -5) 0 = 10.8° 1.04+8 1.12+8 0.93 7.52+7 8.72+7 0.86 6.42+7 — —_ 7.63+7 —_ -
(-35. -12) 0 = 21.1° 1.06+8 1.23+8 0.86 7.31+47 8.65+7 0.85 6.09+7 7.46+7 0.82 7.50+7 8.40+7 0.89
(-34, -15) 0 = 25.6° 9.30+7 1.08+8 0.86 6.15+7 7.2347 0.85 5.00+7 — — 6.37+7 —_ —_
(-33. -17) 0 = 28.8° 8.37+7 9.58+7 0.87 5.53+7 6.76+7 0.82 4.50+7 — —_ 5.73+7 —_ -
(-31. -20) 0 = 33.9° 7.02+7 7.60+7 0.92 4.90+7 6.01+7 0.82 4.16+7 5.47+7 0.76 5.00+7 5.60+7 0.89
(-28. -24) 0 = 41 .0° 5.44+7 6.26+7 0.87 4.08+7 4.72+7 0.86 3.66+7 — — 4.09+7 —_ -
(-26. -26) 0 = 45.0° 5.32+47 6.08+7 0.87 4.05+7 4.75+47 0.85 3.67+7 4.84+7 0.76 4.05+7 4.55+7 0.89
NEUTRON PAD

(R = 62.8 G = 21.1°) 9.60+6 - - 6.32+6 — —_ 5.23+6 - — 6.53+6 8.89+6 0.73
(R = 62.8 £ - 45.0°) 6.75+6 - — 4.56+6 - — 3.93+6 —_ —_ 4.66+6 5.95+6 0.78

NOTE: Not adjusted for photoreaction, see also lable NTD-7
Read 2.58+9 as 2.58 x 109
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COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUXES

VENUS
LOCATION

CENTER HOLE

(+2.

5. +2.5)

WATER GAP I

(-16.
(-18.
(-20.
(-22.
(-24.

-16)
-18)
-20)
-22)
-24)

WATER GAP II

(10.
(16.
(21.
(25.
(28.
(33.
(37.
(40.
(45.

NOTE

75 1)
G3°)
14 )
62 0]
78 °)
89°)
44 )
99 )
00°)

SR NS R

HFRRMOMNONNDWWW

Np-237

CALC

.50+9

.01+49
.75+8
.36+8
.2248
.20+7

.05+7
L1047
.03+7
.81+7
.59+7
.20+7
.98+7
.84+7
LTT+7

(n.£f)

EXP

.82+8
.43+8

.30+8
*

3.64+7

w

NNDWW

.82+7

.33+7

.20+7

.59+7

L4447
*

.22+7

TABLE NTD-5

- P U-238

C/E CALC

—_ 1.2149 1.
- 7.64+8 8.
0.99 3.93+48
0.97 2.09+8 2.
0.94 1. 1448

— 6.55+7 7.
0.84 2.36+7 3
0.81 2.34+47 2
— 2.25+7 2
0.84 2.04+7 2
0.81 1.89+7 2
0.85 1.67+7 2
0.81 1.55+7 1
—_— 1.47+7
0.80 1.44+7 1.

: Not adjusted for photoreaction, see also lable NTD-8

Read 1.50+49 as 1.50 x 109

(n.f)

EXP

3549

18+8

30+8

34+7

.02+7
.90+7
.98+7
L5147
.38+7
.08+7
.97+7

7747

F.P.

C/E

0.90

0.89

O RN WO

RPRRPRRRLRLRDNMDNMDDN

N1-58

CALC

L1349

.85+8
.74+8
.08+8
.18+8
L7147

.20+7
.16+7
.05+7
. 8447
7147
.55+7
L47+7
L4347
L4047

(n.p)

EXP

1.13+49

Co-58

C/E

1.00

*-These measurements have been revised, but the new measurements have not yet been released.

IN THE WATER REGIONS

In-115

CALC

O RN W

HRRRERRENMNNNDDN

. 1949

.67+8
.86+8
.02+8
.08+8
.26+7

.34+7
.33+7
.25+7
.05+7
.90+7
.66+7
.52+7
L4447
.40+7

(n.n')

o~ N 0o

HNONNDDON

[y

In--115m
EXP C/E
.2449 0.96
.07+8 0.95
.08+8 0.95
.14+8 0.94
. 17+8 0.92
.80+7 0.92
.85+7 0.82
.80+7 0.83
L7247 0.83
.46+7 0.83
L3347 0.82
.97+7 0.84
L7347 0.83
. 6447 0.85



Z1-ALN-M

TABLE NTD-6

COMPARISON OF CALCULATED AND MEASURED EQUIVALENT FISSION FLUXES ALONG A 45° TRAVERSE

Np-:237 (n.f) F.P. u-238 (n.f) F.P. Ni- 58 (n,p) Co-58 In-115 (n.n') In-115m
VENUS
LOCATION CALC EXP C/E CALC EXP C/E CALC EXP C/E CALC EXP C/E
CENTER HOLE
(+2.5. + 2.5) 1.50+9 - 1.21+9 1.35+9 0.90 1.1349 1. 1349 1.00 1. 19+9 1.24+49 0.96
INNER BAFFLE
(-1. -1) 3.07+9 2.95+9 1.04 2.2249 2.2849 0.97 1.88+9 1.82+49 1.03 2.26+9 2.30+9 0.98
3/0 FUEL
(-3.5, -3.5) 4.28+9 4.21+9 1.02 3.6749 3.53+49 3.60+9
(-6.5, -6.5) 4.56+9 4.594+9 0.99 3.96+49 — _ 3.84+49 —_ —_ 3.88+9 —_ —
(-9.5, -9.5) 4.37+9 4.3449 1.01 3.78+9 — — 3.66+9 e — 3.70+9 — —_
(-12.5, -12.5) 3.25+49 3.50+9 0.93 2.70+49 — 2.54+49 —_ — 2.67+9 —_ —
WATER GAP I
(-16. -16) 1.01+49 ¢ 7.64+8 8.18+8 0.93 6.85+8 7.67+8 8.07+8 0.95
(-18. -18) 4.75+8 4.82+8 0.99 3.93+8 — — 3.74+8 _ —_ 3.86+8 4.08+8 0.95
(-20. -20) 2.36+8 2.4348 0.97 2.09+48 2.30+8 0.91 2.08+8 —_ —_ 2.02+8 2.1448 0.94
(-22, -22) 1.22+8 1.30+8 0.94 1. 1448 — — 1. 1848 —_ —_ 1.08+8 1.17+8 0.92
(-24, -24) 7.20+7 - —_ 6.55+7 7.37+7 0.89 6.71+7 _ — 6.26+7 6.80+7 0.92
CORE BARREL
(-26, -26) 5.32+7 6.08+7 0.87 4.05+7 4.75+7 0.85 3.67+7 4.84+7 0.76 4.05+47 4.55+47 0.89
WATER GAP II
(R=55.255) 1.77+4+7 2.22+7 0.80 1.44+7 1.77+7 0.81 1.40+7 — — 1.40+7 1.64+7 0.85
NEUTRON PAD
(R=62.768) 6.75+6 4.56+6 3.93+6 4.66+6 5.95+6 0.78

NOTE: Not adjusted for photoreaction, see also Tables NID-7 and -8

Read 1.50+49 as 1.50 x 109

¢-These measurements have been revised, but the new measurements have not yet been released.
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VENUS
LOCATION

INNER BAFFLE

(-1, +2) 0
(-1, -1) 9

OUTER BAFFLE

(-29, +2)
(-29, -2)
(-29, -7)
(-29, -12)
(-27, -14)
(-22, -14)
(-17, -14)

O O O OO0 Oo

CORE BARREL

(-37, +2) 0
(-37, -5) 0
(-35, -12) 0
(-34, -15) 0
(-33, -17) 0
(-31, -20) 0
(-28, -24) 0
(-26, -26) 0

NEUTRON PAD

R
R

62.8 0
62.8 0

8.1°
45.0°

0.9°

8.1°

16.8°
24.7°
29.2°
34.0°
40.2°

0.7°

10.8°
21.1°
25.6°

= 28.8°

33.9°
41.0°
45.0°

21.1°)
45.0°)

TABLE NTD-7

GAMMA-RAY DATA IN THE STEEL REGIONS

Np-23'if (T,f) F.P.

CALC
(¢y.fH

1.74+7
1.22+7

5.47+6
5.23+6
4.36+6
3.35+6
3.66+6
5.80+6
8.05+6

2.62+6
1.98+6
1.74+6
1.45+6
1.41+6
1.42+6
1.25+6
1.28+6

2.15+5
1.59+5

RATIO
(1x1)

0.007
0.004

0.005
0.005
0.006
0.007
0.007
0.006
0.005

0.023
0.019
0.016
0.016
0.017
0.020
0.023
0.024

0.022
0.024

C/E

/D=IxI\
NEXP

0.94

0.96
0.97
0.98
0.98
0.97

0.98
0.95
0.88
0.87
0.89
0.94
0.89
0.90

Photoreaction Equivalent Fission Fluxes

U-238 (Y,f) F.P.

CALC
(T.H

2.76+7
1.94+7

8.70+6
8.33+6
6.95+6
5.34+6
5.82+6
9.24+6
1.28+7

4.18+6
3.16+6
2.77+6
2.31+6
2.24+6
2.26+6
1.99+6
2.04+6

3.42+5
2.52+5

RATIO
(1x1)

0.015
0.009

0.012
0.012
0.012
0.016
0.016
0.014
0.012

0.048
0.042
0.038
0.038
0.041

0.046
0.049
0.050

0.054
0.055

C/IE

(DilxIx
v EXP ;

0.98
0.98

0.95
0.98
0.95

0.98
0.95
0.97

0.92
0.90
0.88
0.88
0.85
0.85
0.91

0.90

In-115 (Y, 1")
CALC '?f('l?
(1.4 I
3.56+6  0.002
2.71+6  0.001
1.16+6  0.002
1.1146  0.002
9.16+5  0.002
6.78+5  0.002
7.50+5  0.002
1.22+46  0.002
1.70+6  0.002
5.18+5  0.006
3.88+5  0.005
3.38+5  0.005
2.81+5 0.004
2.74+5  0.005
281+5  0.006
256+5  0.006
263+5  0.006
4.17+4  0.006
3.15+4  0.007

In -115m

|
Zn+Yi

0.99
0.98

0.97
0.98
0.98
0.98
0.99
0.97
0.96

0.90
0.89
0.89

0.89

0.74
0.78
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VENUS
LOCATION

CENTER HOLE

(+2.5, +2.5)

3/0 FUEL

(-16, -16)
(-18, -18)
(-20, -20)
(-22, -22)
(-24, -24)

WATER GAP

(10.75°)
(16.63°)
(21.14°)
(25.62°)
(28.78°)
(33.89°)
(37.44°)
(40.99°)
(45.00°)

3.5, -3.5)
6.5, -6.5) '
9.5, -9.5)
1

GAMMA-RAY DATA IN THE FUEL AND WATER REGIONS

TABLE NTD-8

Photoreaction Equivalent Fission Fluxes

ND-237 (Y.f) F.P.

CALC
(Y.

1.29+7

2.40+6
1 .10+6
1.18+6
3.78+6

6.34+6
4.44+6
3.27+6
2.67+6
2.48+6

7.60+5
7.65+5
7.38+5
7.12+5
6.91+5
6.35+5
5.95+5
5.75+5
5.68+5

RATIO

G

0.009

0.0006
0.0002
0.0003
0.001

0.006
0.009
0.014
0.021

0.034

0.025
0.025
0.024
0.025
0.027
0.029
0.030
0.031

0.032

C/IE

/D+Y v

v EXP

1.02
0.99
1.01

0.93

0.99
0.98
0.96

0.86
0.83

0.87
0.83
0.87
0.84

0.82

U-238 (Y.f) F.P.

CALC
(Y.H

2.06+7

3.74+6
1.67+6
1.80+6
5.97f6

1.01+7
7.06+6
5.21+6
4.2516
3.95+6

1.21+6
1.22+6
1.18+6
1.13+6
1.10+6
1.01+6
9.47+5
9.16+5
9.05+5

RATIO
/iNf
'n-%

0.017

0.001
0.0004
0.0005
0.002

0.013
0.018
0.025
0.037
0.060

0.051

0.052
0.052
0.055
0.058
0.060
0.061

0.062
0.063

C/IE

/QIIxfx
AN EXP

0.90

0.95
0.93

0.94

0.82
0.85
0.78
0.86
0.84
0.85
0.83

0.86

In-115 (Y.Y")

CALC
(y.Y1)

2.96+6

1.804-6
1.68+6
1.63+6
1.56+6

1.42+6
1.08+6
8.32+5
6.60+5
5.58+5

.55+5
.54+5
.48+5
42+5
.38+5
.28+5
.21+5
.18+5
A7+5

_ee e e A A A A

RATIO

N

0.002

0.0005
0.0004
0.0004
0.0006

0.002
0.003
0.004
0.006
0.009

0.007
0.007
0.007
0.007
0.007'
0.008
0.008
0.008
0.008

In -115m
f

/Hxi-
1 i

0.96

0.95
0.95
0.94
0.92
0.92

0.82
0.83
0.83
0.83
0.82
0.84

0.83
0.85



VENUS

INNER BAFFLE

(-1, +2) e = 8.1°
(-1. -1) e = 45.0°
OUTER BAFFLE
(-29, +2) e = 0.9°
(-29. -7) 0 = 16.8°
(-29, -12) 0 = 24.7°
(-27, -14) e = 29.2°
(-22, -14) 0 = 34.0°
(-17, -14) 0 = 40.2°
CORE BARREL
(-35, -12) 6 = 21.1°
(-34, -15) 0 = 25.6°
(-33, -17) 0 = 28.8°
(-31, -20) 0 = 33.9°
(-26, -26) 0 = 45.0°
NEUTRON PAD
R=615 0= 21.1°
R=6280=21.1°
R =640 0 = 21.1°
R =628 0 = 45.0°
NOTE: 1 watt/gram =
TLD Types:

RRA

CEGB

The standard deviation (lo) of the mean measured energy deposition rate
expressed in both Gray/hour and as a percentage of the mean.

TABLE NTD-9

COMPARISON OF CALCULATED AND MEASURED GAMMA-RAY

ENERGY DEPOSITION RATES

CALCULATED SS-304 HEAT
GENERATION RATE

150.8
139.1

51.26
40.10
27.16
30.70
52.81

75.60

12.15
10.14

9.93
10.72
10.96

2.236
1.523
1.065
1.245

3.6 x 106 Gray/hour

SCK/CEN - AIl203
- 7LiF

- BeO

W-NTD-20

MEASURED
THREE LABORATORY
AVERAGE
LOCATION(GRAY/HOUR)(GRAY/HOUR)C/E

152.4
147.0

53.89
42.16
29.27
31.77
52.02
73.91

12.83
10.52
10.83
11.50
10.89

2.780
1.873
1.410
1.449

+

+ + + + + +

14.9
12.8

3.12
1.64
1.68
213
1.03
4.88

0.15
0.35
0.80

+ 0.22

+ + + +

0.29

0.12
0.02
0.03
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A. NEUTRON SPECTRUM CALCULATION FOR THE GUNDREMMINGEN KRB-A REACTOR
G. Prillinger (IKE)

Objective

The objective of this work is to determine the neutron exposure of several
trepans taken from the pressure vessel of the nuclear power plant
Gundremmingen Block A (KRB-A).

Summary

A three-dimensional (3-D) neutron spectrum analysis was performed by the
Institut fur Ke.rnenergetik und Energiesysteme, Universitat Stuttgart (IKE).
The objective of this work is to determine the neutron exposure of several
trepans taken from the pressure vessel of the nuclear power plant Gundrem-
mingen Block A (KRB-A). The work, funded by the U.S. NRC* is part of the
KRB-A program analyzing through-vessel-wall embrittlement of a real reactor
vessel at the end of operation. This progress report describes the method
used, summarizes important input data, and gives first results of fluence
(E > 1.0 MeV) values.

Calculated and measured 51>Mn activities are compared. A detailed analysis
of all transport-calculation results, especially neutron spectrum variation
within the vessel, is underway. Further comparison with available dosimetry
results will be performed.

The final report on this work has been completed and will be available for
distribution in March 1987 (Pr86).

Accomplishments and Status

1.0 Introduction

The Boiling Water Reactor KRB-A has a nominal thermal power of 801-MW (250-MW
electrical). The reactor was put in operation in November 1966 and, until
the last shutdown on January 13th, 1977, generated a total of about 16 TWh
of electrical power, with an average availability of 75%.

After decommissioning, 15 trepans have been taken at different axial and
azimuthal positions within the 90 to 135 degree octant of the reactor. The
axial and azimuthal positions of the trepans named A, B, C, D, E, F, G, K,

L, M, N, P, Q R, T can be seen in Figures IKE-1 and IKE-2. To get accurate
assessments of the absolute magnitude of the exposure parameters of interest,
such as fast fluence (E > 1.0 MeV), fluence (E > 0.1 MeV), or dpa, the 3-D
flux distribution has to be calculated using the D0T4.2 (Rh79) code. This
code solves the Boltzmann transport equation in two-dimensional (2-D) geom-
etry using the discrete ordinates method. Combining the results of a (R,0)
and (RZ) model of the reactor, the neutron spectrum is defined with suffi-
cient accuracy (Pr83a). To perform the transport calculations on an absolute
scale, evaluations of the reactor power-time history and of the 3-D burnup
distributions at the beginning and the end of each of the reactor cycles were
necessary.

*Work done under the auspices of Purchase Order Y63-S44-52307 between WHC
and IKE.
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2.0 Method of Analysis and Input Data
2.1 3-D Reactor Physics Calculation
In the analysis of the neutron environment outside the reactor core, the 3-D

flux distribution has been calculated with the help of a flux synthesis for
each energy group G of the form

$ (R,e,Z) = $6 (R,e) * FG (R,Z2)

F6 (R,Z) = $6 (R,Z) / $G (R)

where:
%6 (Re>2) Neutron fluence at point R,Z,e for energy group G
% (R.e) Solution of (R,$) calculation
$6 (R.2) Solution of (R,Z) calculation
$3 (R) Solution of one-dimensional axial infinite
(R) calculation

4>(§I, and $. have been calculated with the DO0T4.2 code (Rh79) applying an Sg/P*
approximation. In the (R,@) model shown in Figure IKE-2, the neutron source
is calculated from axial averaged burnup distributions. In the (R,Z) model,
axial variation of the burnup as well as moderator density is taken into
account. In the (R,Z) analysis, the reactor core is treated as an equivalent

volume cylinder with a 137.4-cm radius (Figure IKE-2). To obtain the relative

axial variation F"’\(R,Z), the radial-axial neutron flux distribution ! (R,2)

must be divided by the one-dimensional (1-D) axial-infinite solution $g (R).

The perturbation of the neutron field by the surveillance capsules is not

taken into account. Neutron fluxes have been stored at appropriate
R-boundaries for detailed surveillance capsule analysis in the future.

2.2 Material Data
Specific material data for KRB-A are given in Table IKE-1. The atomic com-

positions of material zones modeled in the transport calculation are sum-
marized in Table IKE-2. For the water temperature in the downcomer and

IKE-5



TABLE IKE-1

MATERIAL DATA

Zone Shield thickness Density Comment
[cm] [g9/cm3]

core

reflector 20.1 *) 0.753 water

barrel 2.54 7.86 ASTM-A240,
Typ 304
XSCrNi189

downcome r 25.36 0.753 water

clading 0.8 7.8

vessel 12.7 7.86 20NiiMoCr26

reactor cavity 21.1

tiner 0.3 7.85 St34

concrete 129.7

*) equivalent core radius is 137.4 cm
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TABLE IKE-2

MATERIAL COMPOSITIONS (at. cm-3 « 10"24)

core reflector barrel downcomer clading vessel liner concrete
H 2.97E-2 5.03-2 - 5.03-2 - - - 9.62E-3
c - - 3.15E-4 - 8.99E-5 9.06E-4 6.69E-4 3.81E-3
0 2.71IE-2 2.52-2 - 2.52-2 - - - 4 .65E-2
Al - - - - - - - 9.75E-4
Si - - - - - - - 1.47E-2
Ca - - - - - - - 9.68E-4
Cr - - 1.64E-2 - 1.87E-2 3.37E-4 - -
Mn - - 8.62E-4 - 1.0IE-3 6.03E-4 - -
Fe - - 5.81E-2 - 5.51E-2 8.18E-2 8.45E-2 1.41E-3
Ni - - 9.68E-3 - 9.20E-3 6.37E-4 - 2.60E-6
Zr 3.70E-3 - - - - - - -
Mo - - - - - 3.01E-4 - -

ul>  1.49E-4 - - - - -

u3d ¢ 01E-3 - - - - - - E



and reflector in front of the trepans, a temperature of 279°C was assumed.
The inlet temperature into the reactor core is 265.6°C. For the homogenized
core zone data in Table IKE-2, saturated water with a temperature of 285.8°C
has been assumed. These core data are only used in the (R,e) calculations.
In the (R,Z)-model, 16 core zones with axial increasing void content have

been taken into account.
2.3 Determination of the Neutron Source

The whole time-power history, as well as burnup distributions per fuel ele-
ment at the beginning and the end of each cycle, are available for the KRB-A
reactor. On the basis of these data, total neutron source densities have
been calculated taking into account burnup-dependent energy and the number
of neutrons per fission. Since the burnup tables are only available per
fuel elements, the shape of the power distribution within the outer fuel
elements has been determined by means of theoretical curves. The calculated
source densities have been transformed finally to the (R,e) space mesh

(shown in Figure IKE-1) conserving the number of neutrons.

For the (R,Z2)-transport calculations, the axial-radial dependent source

densities have been obtained from axial burnup given at 12 axial modes of
the fuel elements aroun™™he 120 degree theta direction. An energy spectrum
for thermal fission of U (Watt-type, ENDF/B-V) has been assumed for the

whole core. Only a few plutonium fuel elements situated at inner positions
have been used during the whole reactor operation time.

2.4 Cross-Section Data Used

For the 2-D transport calculation, a special library with 35 neutron energy
groups has been generated. Energy boundaries are given in Table IKE-3.
Group cross section weighting has been performed with fine-group spectra
calculated for KRB-A in 1-D geometry.

The fine-group library is based on ENDF/B-IV data (Ma79) and has been com-
pared with the VITAMIN/C (Ro82) library giving equivalent results (Pr83a).

With this procedure, higher accuracy can be achieved compared to the use of
the more general libraries like CASK (OaxXX) or SAILOR (OaSa). The SAILOR

library is specially designed for large Light Water Power reactors of the
1000 MWei-class. Nevertheless, differences should be small if correct
treatment of the resonance region, especially in iron, and temperature-
corrected thermal cross section are guaranteed.

3.0 Results

The main purpose of the analysis is to define the neutron exposure of the
15 trepans taken from the KRB-A vessel.

Exposure values like total, E > 1 MeV, E > 0.1 MeV, and thermal fluence, and
dpa have been determined from the fluence energy spectra.
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Nr

10
11
12
13
14
15
16

17

Energy boundaries

10.

0.

000

.187
.703
.065
.966
.679
.011
.466
.346
.231
.653
.353
.003

748

550.23

368.83

301.97

TABLE IKE-3

35-GROUP ENERGY STRUCTURE

14.

10.

1.

1

917

000

.187
.703
.065
.966
.679
.011
.466
.346
.231
.653

353

.003

747.74

550.23

368.83

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

MeV

KeV

KeV

KeV
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Nr

18
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24
25
26
27
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31
32
33
34

35

183

111.
52.
31.
26.
24.

15.

10
3

1

Energy boundaries

.16
09
475
829
050
788
034
.531
.585
.454
1.3
7.267
0.677
5.044
1 .855
0.625
0.414

1073
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KeV

KeV
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3.1 Fast Fluence (E > 1 MeV)
3.1.1 Azimuthal and Axial Variation

The maximum fluence value at the O-T vessel position is 5.96 x 1018 n/cm2

near the axial midplane of KRB-A at Z = 130 cm and 90 degree theta direction.
The azimuthal variation of the fluence (E > 1 MeV) is within 55% of the maximum
fluence value, as can be seen in Figure IKE-3. The axial shape function as

a ratio of the 2-D (R,Z) and 1-D (R) calculation is shown in Figure IKE-4.

3.1.2 Trepan Fluences (E > 1 MeV)

The axial fluence variation for the cylindrical trepans, which is equivalent
to the attenuation of the neutrons through the vessel wall, is shown in Fig-

ures IKE-5 to IKE-8. Each figure represents one axial level. Z and e
coordinates can be seen in Figures IKE-1 and IKE-2. The radial variation of
neutron exposure within one trepan (radius = 5.35 cm) can be neglected.

From2the curves one can see a maximum fluence value of about 4.5 x 10
n/cm at the inner vessel surface. The attenuation through the vessel
is in the range of 5.5 to 6.5.

3.2 Comparison of Calculated and Measured Activities

54
3.2.1 Mn Activity of Trepans

Two independent measurements of the ““Mn activity (one on May 1, 1984,

the other on January 22, 1986) have been made by KFA Ju'lich (Sc86). The
measured activities of drillings taken from trepan A (1984) and trepan A, D,
G, L, P (1986) are listed together with their radial position in the vessel

measured from the vessel-cladding interface in Table IKE-4.

The calculated specific activity A is determined using the relationship

n -x*T -At
A=A e T P (1-e m)(e m),
sat i m
=l
where:
Pm = Fractional power for the operating period m.
A = Decay constant for the activation product [d_*]
A = 2218 x 1093 for ““Mn.
Tm = Number of operating days for period m.
tm = Decay time after operating period m (days).
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FIGURE IKE-3. KRB-A Azimuthal Fluence Variation (PV-Cladding, Z = 164 cm)

FIGURE IKE-4. Axial Formfactor at Inner Vessel Surface (for Fluence E > | MeV).
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TABLE IKE-4

COMPARISON OF MEASURED AND CALCULATED 54Mn ACTIVITIES OF TREPANS

T repan Date of Distance Spec, activity [Bqg/g] C/E
measurement [cm] from

vessel-

clad Iin- measured calcu-

terface lated
A 1.5.1984 0.30 2035 . 2615.0 1.28
A 22.1.1986 0.65 568.8+28.8% 584.8 1.03
D 1 0.55 403.2+36.3% 632.8 1.57
G 1 0.80 405.3+36.0% A37 .1 1.08

! 0.80 440.2+41,1 % 475.8 1.08

P 1 0.60 429.1+36.5 % 521.5 1.22

The saturated activity Asat is determined by the macroscopic 5“Fe”.p)54Mn
reaction cross section and by the neutron flux spectra at appropriate space
mesh intervals.

Table IKE-5 summarizes parameters for 14 operation time periods. For the
activity calculations, monthly averaged data have been used. Considering
the high statistical errors, especially for the second measurement, the
agreement is reasonable good. The relatively large discrepancy for trepan D
should be investigated further.*™

Additional evaluations for dosimetry results obtained from the surveillance
capsule 128, which was irradiated during the whole reactor operation time,
will be performed.

*In the mean time, the azimuthal trepan positions have been corrected,
resulting in better agreement of the calculated and measured values (Pr86).
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TABLE IKE-5

PARAMETERS USED FOR ACTIVITY CALCULATION

Operation period Tm tm *  Fractional
power
1 15.11.66-15.07.67 242 6132 0.403
2 15.09.67-15.01.68 123 5948 0.826
3 15.02.68-15.05.68 90 5827 0.859
4 01.06.68-30.09.68 122 5689 0.506
5 25.11.68-31.05.69 188 5447 0.559
6 25.08.69-31.05.70 280 5082 0.969
7 27.07.70-15.06.71 324 4702 0.986
8 15.07.71-30.04.72 290 4383 0.987
9 01.07.72-05.05.73 309 4013 0.988
10 15.06.73-15.10.73 123 3850 0.974
11 15.11.73-04.05.74 171 3649 0.962
12 15.06.74-11.05.75 331 3277 0.971
13 15.06.75-07.05.76 327 2915 0.955
14 02.10.76-13.01.77 104 2664 0.952

*) for date of measurement 1lst May, 1984

Expected Future Accomplishments

The final report on this work is to be completed and submitted to HEDL on or
before September 30, 1986. See (Pr86).
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