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ABSTRACT

i

This report describes progress made in the Light Water Reactor
Pressure Vessel Irradiation Surveillance Dosimetry Program during the
reporting period.

The primary objective of the multi-laboratory program is to pre-
pare an updated and -improved set of dosimetry, damage correlation, and
associated reator analysis ASTri Standards for LWR-PV irradiation
surveillance programs. Supporting this objective are a series of
analytical and experimental validation and calibration studies in
" Standard, Referenc, and Controlled Environment Benchmark Fields",
reactor " Test Regions", and operating power reactor " Surveillancet

Positions".
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FOR EWORD
,

The light water reactor pressure vessel (LWR-PV) surveillance dosimetry pro-
.

| gram has been established by NRC in recognition of the importance of improv-

f ing, maintaining, and standardizing neutron dosimetry, damage correlation,
and the associated reactor analysis procedures used for predicting the inte-
grated effect of neutron exposure to LWR pressure vessels. A vigorous

; research effort attacking the same measurement and analysis problems goes

| forward worldwide, and strong cooperative links between the NRC supported

) activities at HEDL, ORNL, and NBS and those supported by CEN/SCK (Mol,

Belgium), EPRI (Palo Alto, USA), KFA (Jilich, Germany) and several U. K.
laboratories have been established. The major benefit of this program will
be a significant improvement in the accuracy of the assessment of the
remaining safe operating lifetime of light water reactor pressure vessels. .

The primary objective of the multilaboratory program is to prepare an
l updated and improved set of dosimetry, damage correlation, and associated

reactor analysis ASTM Standards for LWR-PV irradiation surveillance programs.'

Supporting this objective are a series of analytical and experimental vali-
dation and calibration studies in " Standard, Reference, and Cnntrolled Envi-'

ronment Benchmark Fields," reactor " Test Regions," and operating power reac-

tor " Surveillance Positions."

These studies will establish and certify the precision and accuracy of the
measurement and predictive methods which are recommended for use in the ASTM

Standards. Consistent and accurate measurement and data analysis techniques
i

and methods, therefore, will have been developed and validated along with
guidelines for required neutron field calculations that are used to corre-
late changes in material properties with the characteristics of the neutron
radiation field. It is expected that the application of the established
ASTM Standards will permit the reporting of measured materials property
changes and neutron exposures to an accuracy and precision within bounds of
10 to 30%, depending on the measured metallurgical variable and neutron
environment.

v
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The assessment of the radiation-induced degradation of masterial properties
in a power reactor pressure vessel requires accurate definition of the neu-
tron field from the outer region of the reactor core to the outer boundaries
of the pressure vessel. Problems with measuring neutron flux and spectrum
are associated with two distinct components of LWR-PV irradiation surveil-
lance procedures: (1) proper application of calculational estimates of the
neutron fluence delivered to in-vessel surveillance positions, various loca-
tions in the vessel wall, and ex-vessel support structures and surveillance
positions, and (2) understanding the relationship between material property
changes in reactor vessels, in vessel support structures, and in metallurg-
ical test specimens in test reactors and at accelerated neutron flux posi-
tions in operating power reactors.

The first component requires validation and calibration experiments in a

variety of neutron irradiation test f acilities including LWR-PV mock-ups,
power reactor surveillance positions, and related benchmark neutron fields.
The benchmarks serve as a permanent measurement ref erence for neutron flux

and, fluence detection techniques, which are continually under development
and widely applied by laboratories with different levels of capability. The

second component requires a serious extrapolation of an observed neutron

induced mechanical property change from test reactor " test regions" and
operating power reactor " surveillance positions" to locations inside the
body of the pressure vessel wall and 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 neu-
tron flux is one order of magnitude or more lower than at the vessel inner
wall. Further, the neutron spectrum at, within, and leaving the vessel is
substantially al tered.

In order to meet the reactor pressure vessel radiation monitoring require-
ments, a variety of neutron flux and fluence detectors are employed, most of
which are passive. Each detector must be validated for application to the
higher flux and harder neutron spectrum of the test reactor " test region"

vi
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and to the lower flux and degraded neutron spectrum at " surveillance posi-

| tions". Required detectors must respond to neutrons of various energies so

j that multigroup spectra can be determined with accuracy sufficient for ade-
' quate damage response estimates. Proposed detectors for the program include
| radiometric detectors, helium accumulation fluence monitors, solid state track
i

]
recorders, and damage monitors.

{ The necessity for pressure vessel mock-up f acilities for dosimetry investiga-
' tions 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 pressure vessel mock-up are in progress. The
i low flux version is known as the Poolside Critical Assembly (PCA) and the high

flux version is known as the Pool Side Facility (PSF). Both are located ati

ORNL. As specialized benchmarks, these f acilities will provide well-charac-
terized neutron environments where active and passive neutron dosimetry, var-
ious types of LWR-PV neutron field calculations, and temperature-controlled
metallurgical damage exposures are brought together.

5

The results of the measurement and calculational strategies outlined here will
be made available for use by the nuclear industry as ASTM Standards. Federal

j Regulation 10CFR50 already calls for adherence to several ASTM Standards which

require establishment of a surveillance program for each power reactor and
! incorporation of flux monitors and post-irradiation neutron field evaluation.

Revised and new standards in preparation will be carefully structured to be'

i up-to-date, flexible, and, above all, consistent.
!

I
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SUMMARY

HANFORD ENGINEERING DEVELOPMENT LABORATORY

(HEDL)

UThin foils of three separate steel alloys were irradiated at 150 C in a
German reactor. Some of the irradiated foils were used as the subject of an
earlier extensive German study of isochronal anneals relating hardness and
annealing temperature f or these steel alloys. A joint Gerinan-US program has
been started to examine the foils with a transmission electron microscope.
This program attempts to relate the appearance or disappearance of various
structural features to changes in hardness af ter annealing the alloys at
various temperatures. Prelimary examination reveals no difference between
irradiated and unirradiated specimens prior to the initiation of the
annealing treatments.

A large data bank was analyzed for statistical features that would indicate
errors attributable to incorrect fluenct determinations. The data bank
relates irradiation induced Charpy shif t, copper content, and fluence for
pressure vessel steel Charpy surveillance specimens in light water power
reactors. The characteristic feature indicative of fluence errors is that
the magnitude of the errors should correlate with the magnitude of the
reported Charpy shif t. The analysis shows that removal of the fluence
errors will make an important improvement in the data, but the fluence
errors are not responsible for the major part of the scatter.

Oak Ridge National Laboratory

(ORNL)

Funds to continue the transport calculations have been delayed to FY-81.

All scheduled differential and integral measurements at the PCA for the

Westinghouse-HEDL simulated capsule (the full-power perturbation experiment)
has been completed at the PSF. Also, extensive testing of the surveillance
capsule was conducted in a temporary position in the ORR pool.

S-1
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The measurements in the fourth NRC-HSST dosimetry experiments were evalu-

! ated. Evaluation of the dosimetry in the PCA 8/7 and 12/13 configurations
for comparison with calculated values in the PCA Blind Test were completed.
Also, the results from the PCA calculational Blind Test were evaluated.
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A. MICR0STRUCTlRAL EXAMINATION OF NEUTRON-IRRADIATED PRESSLRE VESSEL STEELS

L. E. Thomas

Objecti ve

i The purpose of this work is to determine the microscopic mechanisms associ-
ated with well-defined stages in the recovery of Vickers hardness and other
mechanical properties during annealing of neutron-irradiated pressure vessel
steels. The work is part of an investigation of the mechanisms responsible
for saturation of irradiation embrittlement in these steels and was initi-
ated by D. Pachur at the Nuclear Research Center, Julich, F.R.G.

Sumary

Specimens of three pressure vessel steels irradiated to fluences from
18 19 21.5 x 10 to 7 x 10 n/cm , E>l MeV, at 150 C in a German research

reactor were received for an electron microscopy study of postirradiation
annealing effects. This study focuses on the microstructural changes asso-
ciated with various stages in the recovery of mechanical properties during
annealing. The initial work concentrated on preparing transmission electron
microscopy (TEM) specimens that were free from surf ace oxides and on charac-

| terizing microstructures of the as-received specimens.

Electron microscopic examination revealed no differences in dislocation
structure or second-phase particles in irradiated and unirradiated speci-
mens. Small defect clusters produced during irradiation were not detectable
in the presence of surf ace oxide particles lef t by electropolishing. The

as-received steels contained a mixture of 0.5 to 30 pm diameter grains with
a recovered dislocation structure and many second-phase particles. Among
these, two predominant phases were equally common. One, identified by elec-
tron diffraction as Fe C, has the characteristic metal composition Fe-11

3
wt. % Mn; the other contains 50 to 80 wt. % Mo with Fe and minor elements
and is probably M C Work on improving the electropolishing technique

2
and specimen annealing is in progress.

HEDL-3
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Accomplishments and Status

|

1. Introduction

i

Irradiation embrittlement of ferritic steels used for LWR pressure vessels
has been studied extensively for at least fif teen years. The embrittlement
phenomenon is still not well understood, partly because the defects respon-

; sible may be too small even for TEM, but has been attributed to submicro-
scopic vacancy-copper atom aggregates.(I)

Commercial pressure vessel steels such as ASTM Type A533 Grade 8 manifest

| irradiation embrittlement by an increase in the ductile-brittle transition

temperature (DBTT), a drop in the upper shelf energy in Charpy V-notch
tests, and increases in yield strength and Vickers hardness. Pachur(2)

finds that the recovery of these properties during four-hour isochronal
Uannealing at 200 C to 500 C exhibits well-defined steps that apparently

indicate the operation of four or five distinct recovery mechanisms. Fig-
ure HEDL-1 shows one of his annealing curves for Vickers hardness and the
contribution of four processes which were determined from the time and tem-

,

perature dependencies of the recovery. The contribution of individual pro-
cesses to the overall recovery also depends on neutron fluence, as shown in
Figure HEDL-2. ~ " . .

.

To investigate the microscopic mechanisms responsible for the observed -
recovery behavior, a cooperative program involving electron microscopic,

examination of Pachur's annealed specimens was initiated. Specimens of
18 19 2three steels, irradiated to fluences from 1.5 x 10 to 7 x 10 n/cm ,

E>l MeV, were receiveG at HEDL and prepared for annealing. Table HEDL-1
7

gives composition, irradiation conditions, properties, and recommended
annealing temperatures for these specimens.

To date, work performed in the cooperative program has involved development
of an electropolishing technique to prepare TEM specimens that are free of

HEDL-4
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TABLE HEDL-1
DATA FOR TEM SPECIMENS RECEIVED FROM D. PACHUR

Material A 533 8 HSST 03 LF A 533 B Modified Weld

Chemical Analysis 0.22 C<0.0005 B 0.11 C<0.001 B 0.06 C<0.0003 8wt % 0.25 Si 0.01 Co 0.35 51 0.013 Co 0.21 Si 0.023 Co1.44 Mn 0.12 Cr 1.36 Mn 0.11 Cr 1.85 Mn 0.08 Cr0.012 P 0.12 Cu 0.012 P 0.11 Cr 0.012 P 0.29 Cu0.015 S 0.51 rio 0.008 S 0.37 Mo 0.003 5 0.56 Mo0.023 N 0.63 Ni 0.016 N 1.5 Ni 0.011 N 1.3 Ni0.023 A1 0.01 V 0.014 A1 0.015 V 0.015 At 0.02 V

Capsule No. KFA 1 KFA 2 KFA 3 KFA 4 KFA 5 KFA 6 KFA 7 KFA 8 KFA 9 KFA 10 KFA 11

Si Neutron Fluence
{2 n/c# E>1 MeV 1.5x1018 1.5x1019 1.5x1019 3x1019 7x1019 1.5x1018 1.5x1019 1.5x1019 3x1019 7x1019 5x1019m

Neutr n Flux FRJ-1 '

n/cm E>l MeV 3x1013 3x1013 6x10ll 3x1013 3x1013 3x1013 3x1013 6x10ll 3x1013 3x1013 3x1013

Transition Temp. F.
30 Ft-Lb=51 J/cv 600C 1450C 1500C 1450C 1870C 240C 1100C 105 C 1140C 1680C --

Increase of
Transition Temp. TT 350C 1200C 1250C 1200C 1620C 360C 1220C 1170C 1260C 1800C --

Vickers Hargness
HV 10 N/mm 2200 2800 2700 2820 2980 2250 2800 2840 2930 3070 3440

Increase of
Vickers Hardness 10% 40% 35% 41% 50% 23% 53% 55% 60% 68% 55%

Irradiation Temp. 1500C 1500C 1500C 1500C 1500C 1500C 1500C 1500C 1500C 1500C 1500C

Proposal 1) no no no no no no no no no no nofor TEM 2) 3300C 260 280 260 270 310 270 290 270 270 290Annealing Heat 3) 400 310 3 30 310 310 400 3 30 3 30 3 30 3 30 3 30Treatment 4 400 400 400 400 490 400 400 400 400 4005 4 90 4 90 4 90 4 90 4 90 4 90 4 90 4 90 5006 600 600 600



surface oxides, TEM microstructural characterization of as-received speci-
mens, electron diffraction and energy-dispersive X-ray (EDX) microanalysis,
and preparation of the specimens for annealing.

Experimental Methods and Procedures

1. Specimen Preparation

Surf ace oxide producea during specimen electropolishing presents a formi-
dable problem in attempting TEM observation of small defect clusters in
irradiation embrittled steels. It is possible to eliminate surface oxides

and observe small radiation-induced defect clusters in Cu- and Au-doped iron
alloys by subjecting A533 B steel specimens to jet electropolishing in an
anhydrous sodium chromate / glacial acetic acid mixture (100 g in 500 ml) at

Uabout 22 C. The best results obtained, so far, were at 90 V,120 mA, in a
Metalthin electropolishing unit. However, even though freshly polishg
specimens appear oxide-free during TEM, selected area diffraction patterns
taken near the foil edges show diffraction spots due to oxide on the speci-
men surf aces. Also, EDX analysis, performed with an ultrathin window EDX

detector, directly confirmed the presence of considerable oxygen. Figure
HEDL 3 shows an EDX spectrum taken from the A533 B steel. The carbon K

X-ray peak in this spectrum is due to hydrocarbon contamination on the
s pec imen . Clearly, further work is needed to produce oxide-free TEM speci-
mens.

2. Analytical Microscopy

The energy-dispersive X-ray analyzer used in this work consists of a Kevex
Model 6 UTW detector and Tracor-Northern 2000 multichannel analyzer, and

operates on a JE0L Model 100CX (100 kV) analytical transmission / scanning
transmission electron microscope. The computer-based analyzer employs
comercially available sof tware that deconvolutes overlapping X-ray spectra
and provides quantitative elemental analyses. In the present work, the
analyzer was used to check the overall alloy composition and to find the

|

HEDL-7 |
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1

3-rmi diameter TEM disks were punched for the annealing studies. For anneal-

ing the specimens were sealed in quartz censules that were evacuated and
subsequently backfilled with 1/4 atmosphere of high purity argon.

Results

1. Microstructural Examination

As-received specimens (see Table HEDL-1) of KFA-1, 3, 4, and 5, covering a
18 2 19 2fluence range from 1.5 x 10 n/c to 7 x 10 n/cm and E'1 MeV,

were prepared for TEM examination as described. No significant differences
were found in the microstructures of these specimens. Individual grains

varied in size from over 30 um to less than 0.5 um and contained recovered
dislocation structures with well-defined dislocation sub-boundaries. Second

phase particles 0.1 um to 0.3 um in diameter are common, as shown in Fig-
ure HEDL-4. Although the particles have similar morphologies, two predomi-
nant types were identified by electron diffraction and EDX analysis (see EDX
analyses in Table HEDL-2). Abcut 60% of the particles contain high molybde-
num, and Mo C was identified by electron diffraction. However, the Mo

2
content of these particles was highly variable, and it may be that M C or6
(Fe Mo)C phases are also present. Most of the other particles were Fe C

2 3

(cementite), characteristically containing about 11 wt. % Mn dissolved in
the iron. Figure HEDL-4 also shows a characteristic single crystal
diffraction pattern from an Fe C particle taken near a [001] matrix

3
orientation. No distinct habit relationship between the Fe C and the fer-

3

rite matrix was evident. Figure HEDL-5 shows the dislocation structures at
a low and a high fluence at high magnifications. Most of the background
structure in Figure HEDL-5 is produced by surf ace oxides. The high fluence
specimen KFA-5 also contained occasional small bubbles or void-like

features. Electropolishing attack and " drop out" of small precipitate
particles can cause such observations, although radiation-induced void or
helium bubble fonnation is also a possibility.

HEDL-9
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TABLE HEDL-2

EDX MICR0 ANALYSIS RESULTS: PRESSURE VESSEL STEEL A533 HSST 03 LF (WT. %)

Number of Analyses
Al Si Cr Mn Fe Ni Mo (Averaged)

Overall
Composition <0.3 <0.3 1.1 1.6 95.2 0.7 0.8 5

Type A (Fe3 )C
Prec ipitate <0.3 <0.3 1.7 10.8 84.4 0.3 2.2 6

Type B (Mo2 )C
Prec ipitate * <0.3 <0.3 2.2 1.8 31.9 0.3 63.3 6

Type Cz
G Prec ipitate 3.5 0.3 1.8 1.7 60.5 0.3 31.9 1

7
2

Mo:Fe ratio of Type B Precipitate highly variable (e.g., one particle contained 80% Mo,*

15% Fe).

I
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i

Discussion and Summary of Observations

,

'

Except for the unconfirmed observation of a few voids in A553 8 steel
22 2irradiated at 7 x 10 n/cm , E>l MeV, none of the irradiated specimens

show any visible indication of radiation-induced defects in the as-received
cond it ion . The presence of surface oxides formed during electropolishing
precludes identification of such defects with sizes near the resolution
limit for TEM. The predominant second phases, Fe C and M 2 , are thoseC

3
expected for this alloy composition.(3) An unexplained result is that the
chromium composition indicated by EDX analysis for the A533 B Steel is sig-
nificantly higher than that given by Pachur. Inis minor discrepancy lies
well outside the uncertainty expected for the EDX analysis.

Expected Accomplishments

4

The work will continde with annealing and TEM examination of specimens.

,

I

1

,
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FIGURE HEDL-5 Dislocation Structure of Neutron-Irradiated A533 Steel. (a)
KFA-1 (1.5 x 1018 n/cm), (b) KFA-4 (3 x 1019 n/cm2,
E>0.1 MeV). (Photo Nos. 4634 and 4626).
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B. REANALYSIS OF THE EXISTING DATA BASE RELATING 1RRADIATION EMBRITTLEMENT

AND WEUTRON EXPOSURE OF PRESSURE VESSEL STEELS.

G. L. Guthrie
R. L. Simons

Objective

The LWR Pressure Vessel Dosimetry Program is comnitted to the writing of
ASTM standards rulating irradiation induced embrittlement of pressure vessel
steel and the relevant parameters associated with the exposure that produce
embrittlement. These relevant par: meters include the fluence, spectral
shape, flux, irradiation temperature, and the chemistry, microstructure, and
prior thermo-mechanical history of the steel being irradiated. The ultimate'

aim is to obtain analytic relations between the parameters and variables
involved. The successful accomplishment of this task will require analysis
of existing available data relating the embrittlement and the relevant param->

eters. The present report has the objective of analyzing the existing data
base to ascertain the extent to which statistical scatter in the analytical

i relations can be reduced by the elimination of errors in the fluence calcu-
lations of previously reported experiments.

Sunmary

Nineteen surveillance reports from Westinghouse reactors were assembled as
a first step in the reanalysis of the existing data relating irradiation
induced embrittlement and neutron exposure for pressure vessel steels. A

recalculation of the neutron exposure is proceeding for each of the
reports. As a preliminary feasibility study, a method was devised to ana-
lyze a large data bank for characteristics in the data that are indicative
of errors in the reported neutron exposure values. Analytic expressions
relating Charpy shift to chemistry and exposure have standard deviations
(uncertainties) that are partly due to errors in reported values of neutron
exposure, and partly due to other sources or types of errors.

HEDL-15
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A way was found to estimate the contribution f rom neutron exposure errors.
It appears that the standard deviation in Charpy shif t fonnulas can be
reduced significantly by removal of errors in neutron exposure value calcu-
l a ti ons . In some cases these errors are as large as a f actor of two and

result in an uncertainty of a f actor of two for the safe operating life of
the reactor.

In the course of the analysis, it was found that the least squares method of
estimating the fluence exponent in Charpy shif t fonnulas gave a biased value
f or the exponent with the least squares result being slightly low.

Accanplishments and Status

Nineteen surveillance reports f or Westinghouse LWRs were collected and work

is now in progress to check the dosimetry calculations for possible errors.
Preliminary results on the recheck show errors of up to a f actor of two in
the reported values f or the neutron exposure. The recheck values are based
on the orginal counting data for the dosimeters, but have the benefit of
revised values f or activation cross sections, more recent results for spec-
tral shape calculations as determined by the reactor design team, and

improved unf olding procedures.

While the reports were being collected, a method was devised to check a
large reactor surveillance data base for the synptoms of errors due to
f aulty dosimetry calculations. The basis of the method follows. The pos-

sible dosimetry calculation errors are nearly all of a type that causes the
magnitude of the error to be proportional to the true value of the neutron
expos ure. That is, errors due to the use of an incorrect value for an
activation cross section, or the use of an improper spectral shape, or the
use of an improper unfolding technique all cause the reported neutron expo-
sure to be in error by a multiplicative f actor. Fluence calculation errors,

which diff ered f rom one experiment to another or from one experimentor to

another, would cause a random scatter in the total reported data, but the
magnitude of the error would correlate with the magnitude of the observed
shif t in 30 f t-lb Charpy transition temperature.

HEDL-16



The following plan was devised to ascertain the benefit obtained in removing
the fluence calculation errors from the existing surveillance data. (1) We

would examine a large collection of data to see if a "best fit" formula had
discrepancies with the data where the magnitude of the discrepancy corre-
lated with the magnitude of the Charpy shift. (2) We would manufacture
Monte Carlo data by various means to determine the relation between various
parameters and the correlation coefficient under study. (3) We would manu-
f acture Monte Carlo data having all the known characteristics of the exist-
ing data base (same standard deviation, same correlation coefficient, same
distribution of data points in fluence), and then turn off the " scatter" in
the fluence and note any improvement in the standard deviation for a "best
fit" analytic expression.

To implement this idea, a set of 144 data points was analyzed. The data was

Charpy shift data from power reactor surveillance irradiations. The

irradiated specimens included both plate and weld metal from a variety of
a lloys . This 144 point data set was analyzed using a least squares fitting
procedure under the assumption that

ANDTT = ( A + B-(wt. % Cu)) - (o t)" (1)
,

where ANDTT is the reported shift in the 30 ft-lb Charpy transition tempera-

ture, A, B, and n are adjustable parameters whose values are fixed by a
least squares procedure, 'wt. % Cu" is the reported weight per cent of cop-
per in the PV steel, and t is the reported fluence (E>1.0 MeV). We define
6(ANDTT) to be the difference between the reported value of ANDTT and that
calculated from Equation (1). This difference was noted for each data
point, and a correlation was calculated between the absolute value of

6(ANDTT) and the reported Charpy shif t, ANDTT. It was found that 6(aNDTT)|
correlates with ANDTT with a correlation f actor of 0.30 in the actual 144
point surveillance data set.

To ascertain the significance of the above observation, several additional
calculations were made. First, a correlation was calculated between copper
concentration and fluence to see if possible complications could arise from

HEDL-17.



such a phenomenon. The correlation coefficient was found to be only 0.07,

which was regarded as being low enough so that any additional complications
from that source could be ignored.

Then, using the "best" value for A, B, and n, and using the actual values
for the reported fluence, the formula of Equation (1) was used together with
a Monte Carlo routine to manuf acture data where the " error" was all in the
fluence and was all of a log-normal type. That is, starting with the repor-

ted fluence values, the "best" parameters of Equation (1) were used to gen-
erate a " correct" set of 144 values of ANDTT. Then, the 144 fluence values
were shifted by a log-normal Monte Carlo generator. The new " noisy" fluence
values were used with the 144 " correct" values of ANDTT, and this set was

regarded as a set of manuf actured data having log-normal " noise" in the flu-
ence and zero " noise" in the 144 values for ANDTT. This manuf actured data
set was used to generate a new set of parameters for Equation (1) using a

<

least squares technique, and a correlation coefficient was calculated for
the correlation between | 6( ANDTT)| and ANDTT. The coefficient was found to
be approximately 0.6. The same value was found for the correlation coeffi- I

cient whether

Normal Distribution \(4t) = (4t) EXP

Monte Carlo Reported Centered at Zero j (2)

or

(tt) = (4t) EX P 1. + Normal Distribution
Monte Carlo Reported entered at Zero (3)

was used for the law to generate the neutron exposures in the Monte Carlo
data set. However in the case where Equation (3) was used, the standard 1

'

deviation of the normal distribution had to be restricted to low values to

HEDL-18



avoid obtaining negative values of fluence incompatible with the fractional
exponent, n, in Equation (1).

Next, a Monte Carlo set of data was generated using 144 data points with a
fluence distribution similar to the surveillance set, but with zero " noise"

in the fluence and a normal distribution of noise in the Charpy measure-
ment. The correlation between |6(ANDTT)| and ANDTT was approximately zero

.' and gave small ('0.05) positive or negative values. depending on the
particular Monte Carlo set.

In view of the results above, it seemed that the overall analysis method had
merit, and a set of Monte Carlo data was manuf actured which had the follow-

ing characteristics.

1. It was distributed in fluence similar to the distribution of the 144
data points of the surveillance data set.

2. It had a least squares fit with constants similar to those found for
the 144 point surveillance data set.

3. The standard deviation of the fit matched that of the surveillance
set. (170C)s

4. The |6(ANDTT)! vs ANDTT correlation coefficient matched that of the
surveillance set. (0.3)

5. The above characteristics were acquired by using a Monte Carlo gener-
ating technique with a log-nonnal noise generator for fluence noise and
a normal noise generator for generation of errors in the measured value
of SNDTT. The general fonn of Equation (1) was used as the basis for
the Monte Carlo technique. The input A, B, and n values, and also the
two noise generator amplitudes, were adjusted to obtain the proper
similarity to the 144 point surveillance data set.

Af ter the above Monte Carlo set was acquired, the Monte Carlo generator was
operated again with no change in controlling parameters except that the
fluence noise generator amplitude was set to zero, simulating the removal of
all errors in the fluence calculations. When the improved data was sub-

jected to a least squares fit, the standard deviation of the errors in the
Ufluence decreased by 4 C, from 17 C to 13 C.

HEDL-19
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.

It should be noted that the indicated improvement is only that associated
1

'

with the decrease in scatter about the curve of best fit, and does not take

into account the shift between the two curves of best fit. Neither does it,

i properly reflect the f act that some of the fluence data is in error by a

| f actor of two with a possible consequent error of a factor of two'in the

| calculated safe operating lifetime of an individual reactor.

!
,

One interesting feature which came out of the study was the following. When
;

a proposed input law of the type shown in Equation (1), with particular'

values of A, B, and n was used to generate Monte Carlo data of the type

j described, the resultant output least squares value of n depended on the
amplitude of the log-normal noise generator used to manufacture the data.
That is, if the actual data has log-normal scatter in the fluence, a least

j squares fitting procedure gives a biased value for n in Equation (1). The
i bias increases with increasing log-normal scatter in the fluence. The least

squares value for n is lower than the true value in the log-normal distribu-
'

tion. When a least squares value of 0.2775 is found for n as an output
U

; value, with a sigma of 17 C and a correlation c6 efficient of 0.30, the ;

) actual input law has a value of n = 0.35. This bias phenomenon does not

; occur when the fluence data are distributed according to the law of Equation
j (3). Neither is the value of n affected by " normal" noise in ANDTT.
i

:

Expected Accomplishments in the Next Reporting Period

!

.
The reevaluation of the fluence values of the 19 surveillance reports is

t
expected to te complete and the results of several calculations will be*

' reported. These include the improvement in sigma for laws of the type shown
j in Equation (1), the maximum error in fluence ratios found in the reports,
'

and the improvement to be obtained by using physically-based correlation
laws containing saturation and annealing effects expressly written into the

-

analytic expressions used in place of Equation-(1).

i
!

i

|

!,
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A. NEUTRON FIELD CHARACTERIZATION-TRANSPORT CALCULATIONS

i L. F. Miller
C. A. Baldwin
R. E. Maerker
J. J. Wagschal
G. Minsart (CEN/SCK),

Transport calculations to characterize the PSF neutron environnient have
been delayed to FY-81.

B. BENCHMARK FIELDS

L. F. Miller
F. B. K. Kam
L. P. Pugh

Obj ectives

The objectives of this task are: 1) to validate and guide neutron trans-
port calculations for the LWR-PV program, 2)toestablishwell-character-
ized neutron environments for the validation of dosimetry and damage cor-
relation techniques, and 3) to demonstrate the applicability of the

<

results in reactor pressure vessel configurations. The.results of.this

task will have a . direct impact in the preparation of ASTM Standards for
Surveillance of Light Water Reactor Pressure Vessels.

Summary

All scheduled differential and integral measurements at the PCA have been
completed. The Westinghouse-HEDL perturbation experiment for a simulated
Westinghouse surveillance has been completed at full power. Also, the '

. design of the instrumentation and controls for the PSF was completed.
Extensive testing of the surveillance capsule itself was conducted with-
largely good results.

4

i

l

I
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Accomplishments and Status
;

At the PCA, fission chamber measurenents were performed jointly by NBS
:
; and MOL personnel in the Blind Test 8/7 and 12/13 configurations. Final

237Np fission rate traverses were obtained in the water positions in

i front of the thermal shield and in front of the pressure vessel sim-

ulator. Radiometric reaction rate measurements were made in the 12/13
configuration. This completes all scheduled differential and integral
measurements at the PCA and no further measurements are anticipated'

i for FY-80.

At the PSF, the Westinghouse-HEDL full-power perturbation experiment for

f a simulated Westinghouse surveillance capsule has been completed. The
dosimeters from this experiment were separated in the hot cells and

those belonging to HEDL were shipped. HEDL will be responsible for

shipping the individual packets to the vendors and service laboratories.
The CEN/SCK dosimeters were kept at ORNL for counting by A. Fabry and

!

will be shipped to MOL.

Design of the instrumentation and controls for the PSF is completed,
3

and the temperature signal leads have been connected to the "60% setback"
of the ORR protection system.

During March, extensive testing of the surveillance capsule was con-
ducted with the capsule temporarily positioned in the reactor pool. |

The tests basically fell into three categories. The first merely
,

tested the integrity of the process instrumentation in its entirety
from capsule to computer. The second was to determine capsule character-
istics by raising the capsule's temperature profile to a steady-state by
activating individual heaters within the capsule while simultaneously

,

j

i
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i
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! recording system parameters. The capsule was then allowed to cool to
ambient temperature while recording the cool-down rate. Capsule charac-
teristics were then inputted to a mathematical model which computes-

thermodynar,iic constants for the model. These constants were incorporated
' into the control algorithm which had been developed in a general form for

use in this project. After the algorithm was tailored for the surveillance
capsule, the third series of tests was run. During this phase of testing,

;

the capsule temperature was controlled successfully by the computer during
several experiments at low temperatures (75 C). The algorithm performed
well in that the temperature distribution was reasonably flat and within

TC limits.
:

Although the results from the automatic control tests were largely very
,

good, one unexpected occurrence was a wide periodic shift in the heater
duty cycles as computed by the algorithm to maintain the temperature has
become stable. The algorithm will be reworked to dampen the duty cycle
oscillation.

,

Expected Accomplishments in the Next Reporting Period

The experiment rig, complete with capsules, will be installed and operation
; will be started.
4

!

l
;

!

I

i

:

1

i
;

:

i

l

:

!
!

! i

!

| |
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C. 00SIMETRY AND DAMAGE CORRELATION ANALYSIS

F. W. Stallmann
J. F. Eastham
A. Fabry (CEN/SCK)

Objective

The objective of this portion of the program is to obtain reliable

information from dosimetry measurements and neutron transport calcula-
tions and to correlate the spectral parameters with structural changes
in reactor componets. The information will be directly applicable to
the preparation of several ASTM Practices for the LWR-PV Surveillance
Program.

v ;

Summary

The following three tasks were performed during the report period:
1. Evaluation of measurements in the fourth NRC-HSST dosimetry

experiment.

2. Evaluation of the dosimetry in the PCA 8/7 and 12/13 con-
figuration. for comparison with calculated values in the
PCA Blind Test.

3. Evaluation of the results in the PCA calculational Blind Test.

Accomplishments and Status

The fourth NRC-HSST metallurgical experiment was interrupted because,

; excessive heat was generated in the metallurgical sample due to gama
'

irradiation. A lead shield was installed to reduce gama heating. The

neutron fluxes in the new configuration were determined in a dosimetry
,

! experiment. The dosimetry capsules from the second HSST experiment were
103Rh(n,n')l03mRh,f used. Neutron fluxes 1.0 MeV were determined using

115In(n,n')ll5 min, 58.Ni(n,p)58Co, and Al(n,a)2427; Na. The determination
of fast fluxes in the new configuration is necessary in order to determine
irradiation time for the metallurgical experiment. A detailed description>

! is given in Appendix A.

|

!.

J

!,
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A variety of fission chamber and foil dosimetry measurements were per-
formed during 1978 and 1979 in the PCA 8/7 and 12/13 configurations.
Through evaluation for the combined results, a set of absolute equivalent
fission flux for several threshold reactions was derived. Absolute
reaction rates for 23sV(n,f), both bare and cadmium covered, were also
determined. An interim report of the evaluation is given in Appendix B.
A major difficulty arose from the fluctuations in the absolute power

levels of the PCA core and also from slight changes in the dimensions
of the thermal-shield pressure-vessel configuration between 1978 and
1979. All known biases were compensated as best as possible, and the
final absolete data should be accurate to 7% (10). A detailed uncertainty
analysis, including covariances information, will be performed later.
The present set of measurements can be considered sufficiently reliable
to be used as a basis for comparison in the calculation Blind Test.

i The overall program for evaluating the results of the PCA calculational
Blind Test is described in Appendix C. The data submitted by the par-
ticipants have been transferred to DEC-10 disk storage. Some preliminary

results are attached in Tables ORNL-MOL-1 through 4. A definite bias
towards underestimation of fluxes can be observed for most of the par-
ticipants, but the C/E ratio (calculation to experimental) falls sub-
stantially below 0.70 for only two participants. A comprehensive eval-
uation will be presented at the Blind Test Meeting at NBS on May 23, 1980.

ORNL-8
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Expected Accomplishments in the Next Reporting Period
__

Evaluation of the Blind Test results will be completed and presented at
NBS on May 23, 1980. Evaluation of the PSF startup dosimetry will be
completed. Results will be used to determine the irradiation time for
the first SSC capsule.

o

ORNL-M0L-9
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Table ORNL-MOL-1. Calculated / Experimental Ratios for the
27Al(n,a) Reaction Based on Fission Equivalent Fluxes

sition
Code

Letters Al PVFa A4 A5 A6

PCA 8/7 Configuration

A - - 1.02 .98 .97

B1 - - 1.14 1.16 1.15

B2 - - 0.74 0.69 0.63-

C - - 1.12 1.07 1.08

K - - .93 .87 .85

Q
- - .84 .80 .80

R1 - - .37 .33 .30

R2 - - .34 .28 .27

S - - .93 .82 .78

U - - .72 .63 .57

Y - - 1.08 1.06 1.09

PCA 12/13 Configuration

A 1.00 1.10 1.04 1.00 .99

B1 1.04 - 1.10 1.10 1.15

B2 0.87 - 0.70 0.65 0.62

C 1.11 1.29 1.12 1.09 1.08

K 1.04 .94 .93 .89 .87

Q .88 .88 .84 .82 .82

R1 .57 .47 .40 .34 .31

R2 .48 .40 .34 .30 .30

S 1.12 1.15 .86 .79 .75

U .85 .86 .69 .60 .53

V .73 1.07 1.04 .63 1.12

Y 1,02 1.28 1.17 ,1.15 1.17

#PVF - Pressure Vessel Front; position is 0.85 cm shifted towards core
from position A3. Experimental values are adjusted accordingly.

ORNL-M0L-10



Table ORNL-MOL-2. Calculated / Experimental Ratios for the seNi(n,p)
Reaction Based on Equivalent Fission Fluxes

Position
Code

Letters Al PVFJ A4 A5 A6

PCA 8/7 Configuration

A - - 1.01 0.96 0.93

C - - 1.13 1.06 1.03

K - - 0.90 0.87 0.87

Q - - 0.69 0.79 0.76
R1 - - 0.48 0.41 0.36
R2 - - 0.43 0.36 0.34
S - - 0.84 0.74 0.68
U - - 0.86 0.82 0.79
Y - - 0.94 0.90 0.88

PCA 12/13 Configuration

A 1.04 1.13 1.04 0.99 0.99
C 1.15 1.36 1.14 1.09 1.09

K 1.16 0.98 0.95 0.93 0.97

Q 0.91 0.89 0.84 0.80 0.80
R1 0.73 0.59 0.49 0.42 0.38

R2 0.61 0.51 0.44 0.38 0.38
S 1.05 1.06 0.77 0.69 0.67
U 0.98 1.10 0.85 0.80 0.78
V 0.85 0.93 0.97 0.90 1.07
Y 0.94 1.13 0.98 0.95 0.96

#PVF - Pressure Vessel Front; position is 0.85 cm shifted to the core
from position A3. Experimental values are adjusted accordingly.

.
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-| Table ORNL-M0L-3. Calculated / Experimental Ratios for the 11 sin (n,n')11smIn
Based on Equivalent Fission Fluxes4

Position
Code

Letters Al PVF" A4 A5 A6
:

PCA 8/7 Configuration

| A - - 1.02 0.97 0.92

C - - 1.12 1.04 0.97

K - - 0.83 0.80 0.78

Q
- - 0.73 0.74 0.67

R1 - - 0.56 0.48 0.40'

R2 - - 0.49 0.42 0.38
1
! S - - 0.85 0.77 0.71

U - - 0.86 0.83 0.79-

Y - - 0.91 0.85 0.78
.

PCA 12/13 Configuration

A 1.00 1.04 1.10 1.07 1.05

C 1.11 1.27 1.21 1.16 1.11

K 1.15 0.90 0.95 0.94 0.94

| Q 0.87 0.81 0.84 0.80 0.75

j R1 0.78 0.60 0.57 0.51 0.44

R2 0.64 0. 51 0.51 0.46 0.43
i

! S 0.98 0.95 0.81 0.76 0.73

: U 0.97 1.04 0.88 0.87 0.85
!

V 0.83 0.84 0.95 0.89 0.97

i Y 0.91 1.03 0.99 0.95 0.91
!

"PVF - . Pressure Vessel Front; position is 0.85 cm shifted to the core
:

: from position A3. Fxperimental values are adjusted accordingly.

i

j.

i
~

i

:

}
*
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Table ORNL-M0L-4. Calculated / Experimental Ratios for the 237Np(n,f)
Reaction Based on Equivalent Fission Fluxes

Position
Code

Letters Al PVFa A4 A5 A6

PCA 8/7 Configuration

A 0.92 0.93 0.98 0.98 0.95

C 0.99 1.02 1.08 1.05 0.99

K 0.76 1.02 1.73 0.73 0.71

Q 0.80 0.75 0.67 0.64 0.56

R1 0.82 0.71 0.59 0.54 0.47

R2 0.66 0.57 0.51 0.48 0.42

S 0.84 0.87 0.87 0.85 0.82

U 0.86 0.82 0.78 0.76 0.71

Y 0.84 0.83 0.85 0.82 0.75

PCA 12/13 Configuration

A 0.89 1.01 1.05 1.04 1.03

C 0.98 1.22 1.14 1.11 1.07

K 1.01 0.87 0.83 0.83 0.81

Q 0.77 0.77 0.75 0.71 0.66

R1 0.73 0.62 0.57 0.53 0.47

R2 0.60 0.53 0.51 0.49 0.45

5 0.85 0.90 0.81 0.80 0.79

U 0.85 1.00 0.79 0.77 0.73

V 0.74 0.78 0.81 0.75 0.81

Y 0.80 1.01 0.91 0.88 0.83

"PVF - Pressure Vessel Front; position is 0.85 cm shifted to the core
from position A3. Experimental values are adjusted accordingly.
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APPENDIX A

NEUTRONIC CHARACTERIZATION OF THE HEAVY SECTION STEEL TECHNOLOGY
IT-CT CAPSULE A: PRELIMINARY RESULTS OF DOSIMETRY

MEASUREMENTS IN THE CAPSULE A
MOCKUP AT THE BSR

Our recommended values for the neutron flux >l MeV at various experimental
locations within the steel mockup in reference are given in Table 1, last

column, at a BSR reactor core power - 2 MW. These data are estimated to

be accurate to 5%(10) or better.

The measurements have been perfonned by means of the two transportable

NaI(Tl) spectrometers calibrated at the CEN/SCK Mol Cavity 235U Thermal
Fission Neutron Spectrum Standard Field. The methods and techniques are
the same as applied to the neutron spectral characterization of the PCA
Pressure Vessel Simulator. The good accuracy obtained stems largely from
the use of this " Benchmark Field Referencing" approach. The directly

observed experimental quantities, gathered in Table 2, are the equivalent
fission fluxes for each selected dosimetry reaction, x:

,.

#

$[ = 4(E) o (E) dE / F (x ) (1)
2s

,

where 4(E): neutron spectrum at given experimental location,

i (x ): differential energy cross section for dosimeter x,
25~

,.

c.(x ): x (E) 4 (E) dE (2)
25 25*

,

,

with x (E) the 235U fission neutron spectrum.

ORNL-M0L-A3
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i

4

Experimentally,op=[activationratioBSR/X ], times [ total flux in the

| Mol MU fission spectrum neutron field].
]
i

j When using equation (1) to derive by transport theory calculations the

i ratios c>l MeV/c*, the denominator, equation (2), has been treated consis-

i tently with the numerator; e.g., the same energy group structure and group

i fluxes for x have been used as in the source term of the discrete-ordinates

analysis, and of course, o,(E) was also the same in both the numerator and

| denominator. The biases eliminated in this way are evidenced by a com-
parison of columns 2 and 3 in Table 3.

The ratios o>l MeV/c# in columns 4 to 6 of Table 3, times the equivalent
f

| fission fluxes in columns 2 to 5 of Table 2, provide the fluxes >l MeV
I in columns 2 to 5 of Table 1.* lt has been assumed that the neutron spec-
I trum along the axis of a given, vertical experimental channel does not
' change with the distance to the capsule top; as shown by Table 4, this

is true within experimental uncertainties, except very close to the edge'

(location 2.04 in, in center channel).
4

Figure 1 is a plot of the relative axial variation of the fast flux as
,

function of distance to the capsule top. Complete documentation of this,

work, including an analysis of the uncertainties, will be prepared for
.

| future HSST progress report dissemination.
!

The results of the present measurements, after correction has been applied4

for the differences between the dosimetry mockup and the real metallurgical
capsule, can be combined with in-situ neutron fluence measurements to pro-

! vide an improved neutronic characterization of this HSST capsule. The
i values are listed in Table 5.
I

*Similar measurements by means of the 56Fe(n,p)scMn reaction are not
reported at this time because corrections for activation of manganese impur-
ities, S5Mn(n,y)StMn, have not yet been assessed.

1

!

l

,

2
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Table 1. Neutron Fluxes 4>l MeV in HSST IT-CT Capsule A Mockup Derived from Equivalent
_

Fission Flux Measurements and Transport Thoery Calculations

Il l Recons ded'h103Rh(n n ')l 0 3'"Rhh ll 51n(n ,n ') 11 smIn >"Experimental Location" ' 8N i ( n ,p)'*Co ' 2 7A1 (n ,n ) 2'+Na ;'

__,

South Channel (0.5")
16.5 in. 1.94(12) 2.17(12) 2.09(12) 2.17(12) 2.09(12)
11.0 in. 2.11 2.32 2.13 2.28 2.23
5.5 in. 1.59 1.77 1.68 1.74 1.70

Center Channel (2.0")o

% 13.04 in. 1.12 1.25(12) ' 23(12) 1.25(12) 1.21(12).

& 7.54 in. 9.93(11) 1.08 1.08 1.13 1.07(12)
p 2.04 in. 6.01(11) 7.13(11) 6.61(11) 7.15(11) 6.73(11)

East Channel
16.5 in. 9.88(11) 1.02(12) 1.13(12) 1.21(12) 1.09(12)
11.0 in. 1.04(12) 1.28 1.20 1.27 1.20(12)
5.5 in. 8.12(11) 8.31(11) 9.07(11) 9.72(11) 8.81(11)

"The distances quoted (inches) are measured from the dummy capsule top.
I' Neutron flux 4>l MeV at a 8SR core power of 2.0 MW; 2.03(12) typical means 2.03 x 1012 n/cm2 x s



Table 2. Experimental Equivalent Fission Fluxes in HSST 1T-CT Capsule A Mock-up

b b
'

b bExperimental Location" 103Rh(n,n')103mRh 11 sin (n,n')11smIn ,o 58Ni (n,p)s eCo 27A1(n,a)24Na

South Channel
16.5 in. 3.56(12) 2.80(12) 1.67(12) 1.53(12)
11.0 in. 3.86 3.00 1.75 1.61
5.5 in. 2.92 2.28 1.34 1.23

o Center Channel
% 13.04 in. 2.25(12) 1.58(12) 8.39(.11) 7.45(11)
& 7.54 in. 2.00 1.36 7.37 6.70
8 2.04 1.21 9.01(11) 4.52 4.25
L,

* East Channel
16.5 in. 1.97(12) 1.29(12) 7.80(11) 7.33(11)
11.0 in. 2.08 1.62 8.28 7.72
5.5 in. 1.62 1.05 6.26 5.89

"The distances quoted (inches) are measured from the dummy capsule top.
bEquivalent fission flux at a BSR core power of 2.0 MW. *

#All indium data may be 4-5% high (see Table 1, footnote c).

|

|
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Table 3. Dosimetry Parameters for HSST IT-CT Capsule A Mockup Analysis
(Transport Theory Data)

,

Reaction Fission Spectrum Averagea Calculated Ratioc
Cross Section (mb) [4>l MeV/ Equivalent Fission Flux]

Experimental Codeb South Channel Center Channel East Channel-

103Rh(n,n')103mRh ~733 716 0.5455 0.4963 0.50130

115In(n n')ll5"In 189 168 0.7745 0.7912 0.7918"o
~E
7 sani (n,p)saCo 108.5 103.6 1.2518 1.4620 1.4496"

.@
7 27Al(n,a)24Na 0.705 0.854 1.4185 1.6813 1.6501"D

a >
,

a(E) x25(E) dE where x (#) is the 235U thermal-induced fission neutron spectrum.'o 2s

b
XSDRNPM and D0T; x is d rived from ENDF/B-IV in a 12-group energy structure; except for Rh, the cross

2s
sections are from the ENDF/B-IV, dosimetry file.

'#
- XSDRNPM one-dimensional transport' theory.
dAs in (c) but corrected using two-dimensional cut calculation in which thermal shield between BSR core and

present[HSSTcapsulehadbeenomitted.} [ ) [ )e
$t cha

New value for center channel New value for east channelx =
ce te c el

|
1

,_ .. -.



Table 4. Integral Spectral Indices for HSST IT-CT Capsule A Mockup

b bExperimental Locationa lo3Rh(n ,n ') 10 3mRh 135In(n,n')115 min ,d seNi(n,p)S8Coh

27A1(n,a)24Na 27Al(n,a)24Na 27Al(n,u)24Na

South
Channel Exp.

16.15 in. 2.33 1.83 1.09
11.0 in. 2.40 1.86 1.09
5.5 in. 2.37 1.85 1.09

________________________________________________________________________________________________________

Mean Exp. 2.37 1.85 1.09o
g Theory
7 Dosimetry Capsule 2.60 1.83 1.14
g Metall. Capsule 2.32 1.71 1.10
7
5 Center

Channel Exp.
13.04 in. 3.02 2.12 1.13
7.54 in. 2.98 2.03 1.10
2.04 in. 2.85 2.12 1.06

_______________________________________________________________________________________________________

Mean Exp.C 3.00 2.08 1.11
Theory

Dosimetry Capsule 3.36 2.11 1.14
Metall. Capsule 2.75- 1.85 1.08

"The distances quoted (inches) are measjred from the dummy capsule top.
bSpedtral index or equivalent fission flux ratio.
# ata at 2.04 in. excluded.D

dAll indium data may be 4-5% high (see Table 1, Footnote c).
Calculated Integral Spectral Indices = R.R.x/ Fission Spectrum Average x-Section x

R.R. / Fission Spectrum Average x-Section y
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Table 5. Final Estimates of Flux >l.0 MeV and >0.1 MeV
at Different Locations in the Metallurgical Capsule

Measurements and CalculationsDistance from
Cap Face Dosimetry Capsule Metallurgical Capsule;

:(E) >l MeV :(E) >.14 MeV :(E) >l MeV c(E) >.14 MeV

0.3908 2.594(12) 8.382(12) 1.883(12) 5.479(12)
1.1723 2.279(12) 7.811(12) 1.651(12) 5.087(12)
1.9538 2.008(12) 7.251(12) 1.464(12) 4.642(12)
2.7354 1.767(12) 6.707(12) 1.285(12) 4.283(12)
3.5169 1.555(12) 6.183(12) 1.115(12) 3.836(12)
4.2985 1.367(12) 5.679(12) 9.726(11) 3.453(12)
5.0800 1.200(12) 5.193(12) 8.342(11) 3.033(12)
5.8615 1.051(12) 4.723(12) 7.182(11) 2.659(12)
6.6431 9.182(11) 4.269(12) 6.112(11) 2.320(12)

I

!

l
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! Fig. 1. Relative Flux Distribution in the Dummy HSST Capsule at BSR.
(Axial Shape Vertical)
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RELEASE OF EXPERIMENTAL DATA FOR THE VALIDATION OF THE

PCA BLIND TEST CALCULATIONS
'

A. Fabry (CEN/SCK), E. D. McGarry (NBS)i

i This is an interim release of experimental data obtained in the

i PCA 8/7 and 12/13 configurations for comparison with calculations for

{ the Blind Test. The data are based on radiometric and fission chamber
measurements by A. Fabry, CEN/SCK, MOL, Belgium, and E. D. McGarry, NBS.,

I Data from other experimenters have not yet been included pending further
evaluation and intercomparison. Also, many other data from the above

~

j laboratories will be released at a later date, especially the data at
! the Al and A2 positions in the 8/7 configuration and the 235U(n,f)
j reactions. Some of the additional data will be available at the Blind

Test meeting at NBS, May 22-23, 1980.

All measurements are made relative to a calibrated U-235 fission
field at NBS or M0L respectively. This procedure reduces or eliminates

I completely many of the uncertainties in the counting equipment like
absolute efficiency, or nuclear constants like branching ratios. The
resulting quantities are expressed as " equivalent fission fluxes" and
presented in Table 1. To convert these data to absolute reaction rates,
the equivalent fission fluxes must be multiplied with the average reaction

j cross section of the target nuclide in the U-235 fission spectrum. Ex-

perimental average cross sections are listed below. These were applied
'

to convert the data in Table i to the absolute reaction rates in Table 4.4

As an alternative, calculated average cross sections may be used which
.

are derived from the fission field and cross section file for Blind Test-
calculations. This reduces the uncertainties in the source spectrum and
cross section file which enter the calculations of the absolute reaction
rates.

.
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The combined (in the som of squares sense) uncertainties of the
equivalent fission fluxes in Table 1 are R 7% (10), except as noted.
The major sources of experimental uncertainties (lo) are as follows:

1. Experimental precision, like counting statistics,
deadtime and background corrections, corrections
for interfering reactions, run-to-run monitoring,

< 2%lateral positioning

2. Instrument calibration by reference irradiations
in the NBS of Mol Cavity U-235 fission spectrum
standard field 3.5-4.0%

3. Measurement of the PCA reactor core power based

on: v = 2.4192
watts per fission - 3.204 10 11

(This conversion factor is common to all measure-
ments) 14.1%

4. Uncertainties due to the dimensions of the PCA
experimental configuration (a slight change in
the configuration occurred between 1978 and

1979/80 measurements and has been corrected for) 1.8%

5. Neutron field instrumental perturbation (not

corrected)
in water 3.0%

in steel 0.5%

Not corrected were errors due to photon-induced reactions. Prelimina ry

correction factors are listed in Table 3.

.
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The experimental average reaction cross sections in the U-235
fission spectrum are as follows:

237Np(n,f) F.P. 1312 50 mb

103Rh(n,n)103mRh 733 38 mb

11 sin (n,n)11smIn 189 8 mb*

23eU(n,f) F. P. 305 9 mb

seNi(n,p)seCo 108.5 5.4 mb

27Al(n,a)24Na 0.705 0.040 mb

Direct measurements of the ratios of 237Np(n,f)/23eU(n,f) equivalent
fission fluxes through NBS fission chambers are listed in Table 2. These

" spectral indices" have much higher accuracies than single measurements

as indicated in this table. This measurement serves as an indicator for
the shape of the spectrum.

A more detailed description of the measuring techniques and uncer-
tainties will be provided at the Blind Test meeting.

O

*
The branching ratio for the 115 min 336.2 kev gamma ray is 45.9%.

This deviates fran the value of 50% on which the ENDF/B-IV cross sections
are based. The calculated average cross section, using ENDF/B-IV, is
168 mb.

ORNL-M0L-B5
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Table 1. PCA Equivalent Fission Fluxes Per Unit
Core Neutron Source Strength

Blind Test Experimental
aSpecification Specification 237gp(n,f) lo3 h(n, z') IISIn(n,n') 23eU(n,f) seNi(n,p) 27R Al(n,a)

PCA 8/7 Configuration
Al TSF 1.41(-5) - - - - -

A2 PVFa 1.65(-6) - - - - -

A4 1/4 T 5.74(-7) 4.68(-7) 3.37(-7) 3.39(-7) 2.40(-7) 3.57(-7)
A5 1/2 T 3.17(-7) 2.54(-7) 1.59(-7) 1.46(-7) 9.39(-8) 1.42(-7)
A6 3/4 T 1.68(-?) 1.29(-7) 7.09(-8)b 6.13(-8) 3.41(-8) 5.20(-8)

@ A7 VB - 3.67(-8) 1.77(-8)C - - 1.46(-8)c5
i PCA 12/13 Configuration
O
';- Al TSF 6.54(-6) 5.42(-6) 5.50(-6) - 5.68(-6) 7.80(-6)8 - PVFa 2.30(-7) 2.02(-7) 1.97(-7) - 2.26(-7) 4.46(-7)

A4 1/4 T 9.18(-8) 7.65(-8) 5.81(-8) 6.27(-8) 5.18(-8) 1.02(-7)
A5 1/2 T 5.12(-8) 4.10(-8) 2.70(-8) 2.76(-8) 2.05(-8) 4.10(-8)
A6 3/4 T 2.67(-8)b 2.08(-8) 1.17(-8) 1.14(-8) 7.29(-9) 1.53(-8)
A7 VB 8.01(-9)b _ _ _ _ _

Data are not corrected for photon-induced responses (see Table 3). Total experimental uncertainty for all
data (random and systematic) 7% (lo) except as noted in footnotes b and e with total incertainties of
9% and 12% respectively.

"TSF - Thennal Shield Front
PVF - Pressure Vessel Front (this position is 0.85 cm closer to the PCA reactor core than the position A3 in

the " Blind Test" specifications; this coincides with A2 in the PCA 8/7 configuration.
bExperimental precision 5-6% (la).
#Experimental precision 10% (la). *
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Table 2. Benchmark Referenced Spectral Indexes for 237gpf23eV in the Reactor Pressure Vessel (RPV)
Simulator at the ORNL PCA

Position Observed Corrections Observed Calibration Spectral Spectral Spectral
Within and for Ratios Factor: Indexes Indexes Indexes

the RPV ETZ & DT Fissions Adjusted Measured in PCA in PCA in PCA
Simulator Corrected in for Ratios of Relative to As Derived Relative to

Ratios Impurities Fissions Count Rates Those in from Those in
of Fission in in CF-252 CF-252 Relative U-2353
Count Rates Inipurities Neutron Indexes

in PCA1 See Note 2 Field
About Un-
certainties

9- 1/4 T 2.895!0.89% 2.89 0.92% 1.75 1.74% 7.32 3.0% 1.68 2.6%0

0;9 I1/2 T 3.70 1.05% 3.69 1.07% 2.24 1.83% 9.36 3.2% 2.15t2.7%0 , g
%

0;993/4 T 4.64 1.48% 4.63 1.50% 2.81 2.11% 11.7 3.3% 2.70 2.9%0

3
01/4 T 2.51 0.94% $0 2.51 0.97% 1.52 1.77% 6.35 2.8% 1.46 2.7%

0; ;h1/2 T 3.22 1.21% 3.21 1.23% 1.94 1.92% 8.11 2.9% 1.86 2.8%

0;
78 3/4 T 4.06 1.62% 4.05 1.64% 2.45t2.21% 10.2 3.1% 2.35 3.1%9 ,

1

Ratios of ETZ and DT corrected <S > values above 36/100 of the peak of the observed fission-product pulse-height"distribution; units of per sec.
2

Uncertainties of 0.7% must be added to account for uncertainty in configuration geometry; 1.2% because
scattering in Cd + chamber assumed same in PCA and Cf; 0.3% possible void perturbation.

3
Given for reference only.

,

These data have not been corrected for photofission. Also no uncertainty added for this. Results are derived
from the relative indexes times 4.18 2.2%.

_ _ _ _ _ _ _ _ _



Table 3. Gamma-To-Neutron Response Fractions in the
PCA " Blind Test" Configuration

.

Blind Test Experimental
237Np(n,f) 103Rh(n,n') IISIn(n,n') 23eg(n,f)Specification Specificationa

PCA 8/7 Ccnfiguration

Al TSF 0.9% <0.5%c 0.2% 2.1%
A2 PVF 3.0% <0.5% 0.8% 7.7%
A4 1/4 T U.9% <0.5% 0.4% 3.5%
A5 1/2 T 0.4% <0.5% 0.2% 2.2%

o A6 3/4 T 1.2% <0.5% 0.8% 7.9%
E
{ PCA 12/13 Configuration

8 Al TSF 1.1% <0.5%c 0.3% 2.7%
b

Eo - PVF 5.9% <0.5% 1.3% 13.1%
*

A4 1/4 T 1.9% <0.5% 0.7% 6.7%
A5 1/2 T 0.8% <0.5% 0.4% 3.5%
A6 3/4 T 1.1% <0.5% 0.6% 6.0%

Coupled Neutron-Gama Transport Theory Calculations: G. Minsart (MOL)
Convolution of Neutron ard Gamma Spectra with Photofission and y,y' Cross Sections: C. Eisenhauer (NBS)

"See Table 1 for explanation.
b Interpolated from calculations. ;

# ough estimate.R
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Table 4. PCA Experimental Absolute Reaction Rates Per Unit
Core Neutron Source Strength

Blind Test Experimental
Specification Specificatiorg Np(n,f) 103Rh(n,n') 115In(n,n)b237 238U(n,f) senj(n,p) 27Al(n,a)

PCA 8/7 Configuration

Al TSF 1.85(-29) - - - - -

A2 PVFa 2.16(-30) - - - - -

A4 1/4 T 7.53(-31) 3.43(-31) 6.37(-32) 1.03(-31) 2.60(-32) 2.52(-34)
A5 1/2 T 4.1 6(-31) 1.86(-31) 3.01(-32) 4.45(-32) 1.02(-32) 1.00(-34)

o A6 3/4 T 2.20(-31) 9.46(-32) 1.34(-32) 1.87(-32) 3.70(-33) 3.67(-35)
A7 VB - 2.69(-32) 3.35(-33) - - 1.03(-35)

% PCA 12/13 Configuration
E Al TSF 8.58(-30) 3.C(-30) 1.04(-30) - 6.16(-31) 5.50(-33)*

- PVFa 3.02(-31) 1.48(-31) 3.72(-32) - 2.45(-32) 3.14(-34)
A4 1/4 T 1.20(-31) 5.61(-32) 1.10(-32) 1.91(-32) 5.62(-33) 7.19(-35)
A5 1/2 T 6.72(-32) 3.01(-32) 5.10(-33) 8.42(-33) 2.22(-33) 2.89(-35)
A6 3/4 T 3.50(-32) 1.52(-32) 2.21(-33) 3.48(-33) 7.91(-34) 1.08(-35)
A7 VB 1.05(-32) - - - - -

Data are not corrected for photon-induced responses (see Table 3).

"See Table 1 for explanation.
bBranching ratio for the 115 min 336.2 kev gamma ray: 45.9% (see text).

_ _ _ _ .
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APPENDIX C

The first task will be the transfer of the Blind Test data to Jisk files
in the DEC-10 system for easy access and further manipulation. Since

there is a fairly large volume of data, it is planned to first transfer

the data directly to punch cards in the same format as they are submitted
by the Blind Test participants. Editing and formatting can then be done
through the DEC-system.

The data submitted by the Blind Test participants consist of:

1. Absolute reaction rates for a given set of about 10-12
foil detec'. ors calculated at 6-8 experimental positions
for each of the 8/7 and 12/13 configurations.

2. Calculated fluxes for E >l MeV and E >0.1 Me'; at experi-
mental positions.

3. Calculated neutron flux spectra at all experimurtal
positions given as group fluxes in energy group struc-
tures selected by the participants. These structures
contain between 17 and 171 energy groups.

4. The source fission spectrum used in the calculation,
usually given by the participants in their energy
group structure.

In addition, experimental data from measurements in the PCA will be used
for comparison with calculated data. The primary source of experimental
data are fission chamber and radiometric measurements. These will be
given primarily as benchmark referenced data in reference to standard
fission fields at NBS and CEN/SCK. Absolute reaction rates will be pro-
vided using the fission flux spectrum at the reference field. Alternatively,
calculated fission spectrum referenced data will be generated for direct
comparison using the source fission spectra which are used by the partici-
pants. Results from neutron spectroscopy measurements will also be in-
cluded as far as these data become available. All experimental data will
be provided with appropriate uncertainty bounds.

ORNL-M0L-C3
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; Computer programs will be written (or existing ones, like WINDOWS, will
be used) to generate the following summaries and tables:

l. Comparison of calculated absolute reaction rates'

between the different participants, including some
j
- measure for the spread of the results.

i 2. Comparison of selected spectral indices, e.g.,
237Np(n,f)/23eU(n,f).

3. Comparison of the calculated attenuations of the fluxes
through water and steel (lead factors), expressed for
instance, as the ratio between experimental position
A2 (surveillance) and A4 (1/4 thickness) for typical
reaction rates. !

!
; 4. Summaries 1-3 will also be provided in the form of
| C/E (calculated to experimental) ratios instead of ;

calculated values alone. The C/E ratios will be
' either given in regard to the absolute reaction

rates or to benchmark referenced data as outlined4

above.
:

5. For comparison of the spectral shapes, the neutron
spectra in the participants group structure will
first be converted to 621 point spectrum which
are continuous and consistent with the original

,

group flux representations. These point spectra
.| can either be compared directly or suitably col-

,

lapsed to a selected (say 40 group) energy structure.,

The WINDOW program has all necessary provisions for
carrying out this procedure. i

1

6. The procedure in 5 can also be used to generate abso-'

lute reaction rates from cross section files other 4

than the ones used by the participants for a more i

uniform comparison of these data.

7. If available, neutron spectroscopy data will be
used for comparison with calculated spectra using
the procedure in 5.

,

Further ideas concerning the comparison of the Blind Test results will
'

undoubtedly develop during the course of evaluation. It is expected that

most ideas can readily be implemented once the results from the participants
are stored in an easily accessible and consistent format.

i

ORNL-M0L-C4
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This report describes progress made in the Light Water Reactor Pressure Vessel Irradiation
Surveillance Dosimetry Program during the reporting period.

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