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FOREWOR )

To ac. .unt for neutron radiation damage in setting
pressure-temperature limits and making fracture analy-
Ses, neutron-induced changes in fracture toughness and
emporittiement for powor reactor pressure vessel steels
must ve predicted, tnen checked by extrapolation of
survelllance program data during the vessel's service
life. Uncertainties in the predicting metnodology can
be significant. The main variables of concern are
associated with:

'y Steel chemical composition and microstructure
2) Steel irradiation temperature

3) Power plant configurations and dimensions =
core edge to surveillance to vessel wall to
Support structure positions

4) Core power distribution

5) Reactor operating history

6) Reactor physics computations

7) Selection of neutron exposure unics
&) Dosimetry measurements

9) Neutron spectral effects

10) Neutron dose rate effects



Variables associated with the physical measurement of ‘
pressure vesse! steel property changes are not considered
here.

This and the previous "PCA Experiments and Blind Test®
report have been prepared to:

1) Serve as a general reference document containing
benchmarked experimental and theoretical data
and information required to determine and
certify the accuracy of the experimental and
analytical methods and data that < .e recommended
in a series of ASTM LWR pressure vessel surveil-
lance standacds and are associated with the
variables 3), 4), 6), 7), 8) and 9).

2) Provide detailed experimental and theorecical
results to determine the limiting accuracy of
transport theory calculations for predicting
dosimetry sensor reaction rates and derived
values of neutron exposure parameters (total
fluence, fluence greater than 0.1 and 1.0 MeV,
and dpa) for LWR pressure vessel benchmark
fields simulating steel-water configurations
of commercial power reactors.

3) Assess the accuracy of the methodology used to
translate measured pressure vessel steel damage
and exposure data (and the corresponding uncer-
tainties) obtained at surveillance locations to
the pressure vessel beltlinz region.

4) Provide PCA 4/12 and 4/12 SSC configurations'
experimental and theoretical physics~-dosimetry
results in support of the "PSF Experiments and
Blind Test."”

After an executive summary, a description of the PCA
experimental test facility is provided in Section 1
followed by the presentation and discussion of experimental
measurements and data in Sections 2, 3 and 4. The results
of neutronic calculations by participants are given and
referenced in Section 5. Current PCA specifications for
transport theory validation are given in Sectior. 6. The
comparison and evaluation of measured and derived data are
considered in Section 7.

iv
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AEEW Atomic Energy Establishment, Winfrith, UK
AERE Atomic Energy Research Establishment, Winfrith, uK
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CE Combustion Engineering, Inc.
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ENDF/B-IV & V Evaluated Nuclear Data Files, Versions IV and V

EOL End-of -Life

EPRI Electric Power Research Institute, Palo Alto, CA
ESP Emulsion Scanning Processor
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FET Field Effect Transistor

FSAR Final Safety Analysis Report
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HEDL Hanford Engineering Development Laboratory

HF IR High Flux Isotope Reactor
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KFA Kernforshungsanlage (Nuclear Research Center)
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MTR Material Test Reactor

NBS National Bureau of Standards

NESODIP NESTOR Reactor Surveillance Dosimetry Improvement Program
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NRC US Nuclear Regulatory Commission

NRE Nuc lear Research Emulsions

NRL Naval Research Laboratory

ORNL Oak Ridge National Laboratory

ORR Oak Ridge (Research) Reactor

PCA Pool Critical Assembly at ORNL

PSF Poolside Facility of the ORR at ORNL
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RC Resistive-Capacitive

RM Radiometric

RMS Root Mean Square
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us United States
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127 Depths in a pressure vessel simulator block of
total thickness, T

3/4 7

8/7
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S.0 EXECUTIVE SUMMARY
W. N. McElroy (HEDL), F. B. K. Kam (ORNL), J. A. Grundl and
E. D. McGarry (NBS), A. Fabry (CEN/SCK), and C. Z. Serpan (NRC)

5.1 OVERVIEW OF LWR PRESSURE VESSEL SURVEILLANCE

S$.1.1 Surveillance Programs and ASTM Standards

The United States Nuclear Regulatory Commission (NRC) established the Light
Water Reactor Pressure Vessel (LWR-PV) Surveillance Dosimetry Improvement
Program in 1977 to improve, standardize and maintain dosimetry, damage cor-
relation and the associated reactor analysis procedures and data used for
predicting the integrated effects of neutron exposure to LWR-PVs (Se80).

The main focus of the research efforts presently underway is the LWR power
reactor surveillance program in which metallurgical test specimens of the
reactor PV and dosimetry sensors are placed in three to five surveillance
capsules at or near the reactor PV inner wall. They are then irradiated in
a temperature and neutron flux-spectrum environment as similar as possible
to the PV itself for periods of time uf about 1.5 to 15 effective full-power
years (EFPY), with removal of the last capsule at a fluence corresponding to
the 30- to 40-year plant end-of-life (EOL) fluence.

The surveillance capsule metallurgical and dosimetry results are used to
verify and/or adjust the final safety analysis report's (FSAR) current and
EOL projections of changes in the fracture toughness and embrittlement
condition of the PV steel. The derived plant specific PV steel condition,
in turn, determines the pressure-temperature operating curve used for the
continued operation of the power plant.

The research underway has resulted in a series of American Society for
festing and Materials (ASTM) Standard Practices, Guides and Methods (see
Figure S.1*) (As83,Mc84). These standards, and the recommended procedures
and data contained therein, are to be used for:

. Calculating neutron flux-spectra and exposure parameters (total
fluence, thermal fluence (E < 0.4 eV) (T), intermediate fluence
(0.4 eV < E < 1.0 MeV) (I), fluences greater than 0.1 (FP1),
1.0 MeV (F1), and 6.0 MeV (F6) and dpa).

*These standards are identified and discussed in the ASTM Standard E706,
“Master Matrix for LWR Pressure Vessel Surveillance Standards," Reference
As83. The 1984 Annual Book of ASTM Standards will contain an updated
version of the E£706 Standard,

S-1
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. Performing and analyzing neutron dosimetry.

. tvaluating and correlating the neutron-induced radiation damage
measured in surveillance capsule metallurgical specimens.

A Applying the results to current and EQL projections of the
condition of LWk-PV and support structure steel materials and
components.

A vigorous research effort attacking the same measurement and analysis prob-
lems exists werldwide, and strong cooperative links between the NRC suppor-
ted activities at HEDL, ORNL, NBS and MEA-ENSA and those supported by
CEN/SCK (Mol, Belgium), EPRI (Palo Alto, USA), KFA (Jiulich, Germany) and
several UK laboratories have been extended to a number of other countries
and laboratories (Mc80,Mc81,Mc81a,Mc82,Mc82a,lcB84). These cooperative links
have been strengthened by the active membership of the scientific staff of
many of the participating countries and laboratories in the ASTM £10 Commit-
tee on Nuclear Technology and Applications, a number of whose subcommittees
are responsible for the preparation of LWR-PV surveillance standards (Hed2).

S.1.2 Facilities and Progi ams

5.1.2.1  Summary Overview

In order to meet the needs of the LWR-PV-SDIP, simulated LWR-PV environments
have been established throughout the world. Tables S<1 and S-2 provide sum-
mary information on research reactor and commercial PWR and BWR neutron/
gamma-ray benchmark field facilities, respectively. Each of the highly
specialized research reactor and the commercial facilities has been estab-
lished to address specific LWR-PV-SDIP problem areas of importance to PWR
and BWR reactor design, operation, safety, and licensing and regulatory
issues. Uescription and use of these benchmark field facilities in the LWR-
PV-S0IP have been adequately described elsewhere. The reader is referred to
the LWR-PV-50IP 1984 Annual Report (Mc84) for sumuary and updated program
information on most of these facilities (As83,A183,Au82,Au82a,Au83,Brs2a,
Fa’9,Fa80a,Fa82,Fa82a,Fa83,Fa83a,6r75b,6477a,6r77b,Gr78,Gr 78a,Gr81,6r82,
KagZa,Ma8la,Ma81c,Ma81d,Ma82b,Mc81,Mc82a,Mc84,5e82,5n82,5t83a,5t830,T180,
Ts82).

5.1.2.2 PCA Replica

To obtain additional expurimental data for clarifying anomalies found in the
PCA analysis and for validating techniques under development at RR&A Ltd and
Winfrith in estimating RPV damage parameters, a PCA REPLICA experiment has
been carried out at Winfrith. The REPLICA experiment duplicates precisely
the PCA 12/13 configuration with the important exception that the reactor

5-3




TABLE S.1

LWR-PV BENCHMARK FIELD FACILITIES*

Benchmark Anticipated
Field Operation

Facility Location Schedule Main Purpose

aCf A%y NBS, US 1975-0pen Standard fields for ¢ oss-section testing and validation; emphasis is on
equivalent fission flux calibrations and RM fluence counting standard.

PCA-PY ORNL, US 1978-584 Data base for the "PCA Physics-Dosimetry Blind Test": Low-power
experimental/calculational banchmark for different LWR-FV configurations;
emphasis is on verification of radial neutron exposure gradients and lead
factors; i.e., confirmation of radial through-wall fracture toughness and
embrittiement predictions.

PSF-PV ORNL, US 1980-24 Data tase for the "PSF Physics-Dosimetry-Metallurgy Blind Test": High-
power LWR-PY physics-dosimetry-metallurgical test; emphasis is on high-
temperature and high-fluence simulation of PWR environmental conditions
and verification of neutron damage gradients; i.e., confirmation of
radiz] through-wall fracture toughness and emorittiement pregictions.

PSF - SOMF JRNL, US 1979-0pen High-power LWR-PY benchmark: Emphasis 1s on verification of surveillance
capsule perturbations; specific RM, SSTR, HAFM, and OM verification tests,
and quality assurance evaluations of commercial dosimetry materials and
services; i.e., confirmation of the physics-dosimetry methods, procedures,
and data recommended for in-situ in- and ex-vesse! surveiilance programs.

VENUS CEN/SCK, 1982 -Open Low-power LWR-PY core source boundary benchmark: Emphasis i5 on verifi-

Mol, cation of effects of new and old fuel management schemes and accuracy of
Belgium azimuthal lead factors; f.e., confirmation of azimuthal PVe-wall frazture
toughness and embrittiement predictions.

NESDIP AEEW, 1982-0pen Low-power LWR-PY cavity benchmark: Emphasis is on different PWR configura-

Wintrith, tiuns and ver fication, via cavity measurements, of neutron exposure gra-
UK dients and lead factors; i.e., confirmation of radial through-wall fracture
toughness and embrittlement predictions.

OOMPAC CEA, 1980-1983 Low-fluence experimental/calculational benchmark for a specific PR config-

Fontenay, u~ation: Emphasis is on verification of surveillance capsule perturbations
France and PY-wall neutron exposure and damage gradients; 1.e., confirmation of
radial PV-wall fracture toughness and embritt'sment predictions.

*Acronyms :

AEEW - Atomic Energy Establishment (Winfrith, UK).

CEA - Commissariat a 1' Energie Atomique (France).

CEN/SCK - Centre d' Etude de !'Energie Nucleaire-Studiecentrum voor Kernernergbe (Mol, Belgium),

DOMPAC - Triton Reactor Thermal Shield and Pressure Vessel Mockup (Fontenay-aux-Roses, France).

Uk - United Kingdom.

NBS - National Bureau of Standards, US.

PCA-PY - Pool Critia) Assembly Physics-Dosimetry Pressure Vessel Mockup (ORNL ).

ORNL - Oak Ridge National Laboratory.

PSF-PY - Oak Ridge Research (ORR) Reactor Pool Side Facility Physics-Dosimetry-Metallurgy Pressure
Vessel Mockup.

PSF-SDMF - PSF Simulated Dosimetry Measurement Facility at the ORR.

VENUS « Critical Facility (Mol, Belgium).

NESDIP  « NESTOR Reactor Surveillance Dosimetry [mprovement Program Facility (Winfrith, UK).

PR - Pressurized Water Reactor,

5-4
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9-5

FOOTNOTES* for Table S.2

3fnergy ranges for the solid state track recorders (SSTRs) are the same as those given for the
fissionable radiometric sensors.

bgenerally these reactions are used with cadmium, cadmium-oxide or gadolinium filters to eliminate
their sensitivity to neutrons having energies less than 0.5 eV. The cavity measurements in the
Arkansas Power & Light reactors have also included intermediate-energy measurements using thick
(1.65 g/cm’) 10g filters (shells) for the ***u, ***U and **"Np-fission sensors.

COM means damage monitors (damage to the sensor crystal lattice, such as sapphire, A3028 and A5338 or
other steels with high copper and nickel content and high sensitivity to damage ) .

dHAFM means helium accumulation fluence monitors.

egenerally cobalt and silver are included as dilute alloys with aluminum. Scandium is normally
Sc20s, and more recently is included as a ~0.1% Sc20s-Mg0 ceramic wire.

fFrequently when there is no specific HAFM dosimetry package, some radiometric sensors and some steel
damage monitors serve as HAFMs after they have been analyzec for their principal function.

INi and/or Fe gradient disks were also included in the SSTR capsule, as required.

hiron is from RM sensors or Charpy specimens. Postirradiation determination of the boron content of
these sensors has been noted to permit direct measurement of the thermal fluence.

iCR means power plant (. ystal River-3 (Florida Power Corp.) and DB means Davis Besse-]
(Toledo Edison Co.)

JThe ¥ following the P refers to a previous Oconee 2 test.
KThis is surveillance capsule reference correlation material (ASTM reference steel plates).

IThe determination (or feasibility) of using any of the Oconee plants for future benchmark studies has
yet to be made.

Yes, this type of dosimetry has been used.

This type is planned for use.

This type is not desired or cannot be used.

- There is some doubt about any of the letters enclosed
in parentheses.

CE - General Electric

WEC - Westinghouse Electric Company

B&W - Babcock and Wilcox

CE - Combustion Engineering (
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source of the latter was replaced by a thin fission-plate of enriched ura-
nium alloyed with aluminum whose shape and dimensions matched the projection
of the PCA source onto the front shield member. Extensive work was carried
out, but it seems likely that the simpler source configuration of the Replica
experiment can more easily be calibrated with a high degree of accuracy.

In addition to this advantage the Replica provides a completely independent
check of the findings of the PCA experiment and, if the experiments are found
to be consistent, the increased weight of experimental evidence will aid in
an understanding of the problem of calculating side shield penetrations.

As indicated above, the Replica experiment described in (Bu84) provides a
completely independent complement to the collaborative PCA experiments car-
ried out at Oak Ridge and reported herein and in (Mc81). In the Replica,
agreement between calculation and the Winfrith measurements* is excellent at
all positions up to the 1/4 T position in the RPV. There is sone disagree-
ment between measured and predicted attenuations through the RPV (in view of
the use of measurements for diagnostics in the cavities of operating reac-
tors as diagnostics, this discrepancy merits close attention). Additional
summary statements from (BuB4) are:

The tentative suggestion that the iron inelastic scattering cross
section usea is too large near the threshold energy is consistent
with evidence from the Winfrith [ron Benchmark experiment (Ca80),
for which a preliminary unpublished analysis inaicated reductions
of some 15% to 20%.

. The difference between predicted and measured reaction-rate attenu-
ations across the RPV is the only disturbing feature of the calcu-
lations that, in general, agree very well with measurements.

» A critical comparison of the Replica and PCA experiments is clearly
of value and, following further calculations for the PCA, this will
be presented in the Part [[ Replica Report.

The accurate prediction of events in an RPV is, of course, a more
formidable exercise in an operating reactor than in a tightly con-
trolled benchmark experiment; nevertheless, the latter does enable
us to assess, and also minimize, sources of error in the former
caused by calculational method and data.

*HEDL and other LWR-PV-SODIP program participants' calculational and experi-

mental results will be documented in the Part [l Replica Report (see Mc84,
Section 2.1.2).



S.2 PCA EXPERIMENTS AND BLIND TEST

5.2.1 . Description of Experiment

As discussed both in (Mc81) and in Section 1, four clean, low neutron flux
benchmark arrangements of a simulated LWR Thermal Shield (TIS) and PV have
been realized and extensively investigated at the PCA. These PCA 8/7,
12/13, 4/12, and 4/12 SSC configurations [X/Y: Water gaps (in cm) from the
core edge to the TS/TS-to-vessel | have been the focus of international
studies on transport theory methods in LWR-PV physics-dosimetry-metallurgy
applications. Further, the PCA 8/7 and 12/13 configurations were the focus
of an international Blind Test of transport theory methods (Mc81).

The PCA 4/12 and 4/12 55C configurations are the focus of an international
study of transport theory results in support of the two-year PSF Physics-
Dosimetry-Metallurgy Experiment and the PSF Blind Test. Summary information
on the PSF Experiment and the Physics-Dosimetry-Metallurgy Blind Test is
provided in (Mc84).

£ leven laboratories in the PCA Blind jest, including vendors of power reac-
tors, calculated the neutron flux-spectra and reaction rates of dosimetry
sensors for specified locations in the PCA Benchmark. For eight of the
laboratories, this was done without prior knowledge of the results of dosim-
etry measurements performed in the same configurations. Information on the
results obtained and the methods used by individual laboratories are docu-
mented in (Mc81). The majority of the laboratories used a two-dimensional
x-y geometry with some form of leakage correction. Two participants aiso
submitted results from one-dimensional calculations, and one participant
used cylindrical geometry for the calculation. One Monte Carlc calculation
was also submitted.

As discussed in (Mc81) and in Sections 2 through 4, a large number of
dosimetry integral and differential experiments were performed in four dif-
ferent PCA configurations [8/7 &g/IS 4/12, and 4/12 SSC; see 59:81) and
?83tion 1. 0] M»asurcment U("254 Bare and d-Covered, §9

Rhin,n'), ln\n n'), u(n f), Thin,f), Nl(n.p). and/or Al(n a)
reaction rates are avatlable at the different experimental locations (see
Figures 1.1.2, 1.1.3, 1.1.4, and 1.1.6) in the four configurations; further,
more detailed traverses in and out-of -core have also been obtained for some
sensors. Nuclear emulsion measurements of the proton-recoil rates (n-p
scattering) are available for the 1/4 T positions for the 8/7 and 4/12 con-
figurations, and for the 156, 1/4 T, 1/2 T, 3/4 T, and V8 positions for the
12/13 configuration. Silicon damage rate measurements are available for the
8/7 and 4/12 SSC configurations (Mc8l).

To obtain the highest possible accuracy, all measurements [fission chambers,
solid state track recorder (S55TR), radiometric (RM), and nuclear research
emulsions (NRE)] have been experimentally referenced to standard fission
fields at NBS and CEN/SCK. Active neutron and gamma spectroscopy and pas-
sive gamma-ray dose measurements have also been performed [see (Mc81) and
Sections 3 and 4, respectively].
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582 General Conclusions

As stated in ASTM Standards E853 [E706(1A)], E482 [E706(IID)) and E1006
[E706(11)] (Figure S.1), an accurate transport calculation of the neutron
flux-spectrum at several locations is essential for the analysis of integral
dosimetry measurements and for predicting irradiation damage exposure param-
eters in the PV and in the support structures of operating LWR nuclear power
plants. Further, values of exposure parameters may be obtained directly
from calculations or indirectly from calculations that are adjusted with

aosimetry measurements using the procedures recommended in ASTM Standard
£944 [E706(11IA)].

The PCA and PCA Replica Experiments and Blind Test provide benchmarked
experimental and theoretical data and information that are necessary for the
assessment of the limiting accuracy and subsequent validation of physics and
dosimetry analytical tools and procedures used in 1) making plant specific
FSAR projections and 2) the analysis and interpretation of nuclear reactor
surveillance program results. Consequently, this and two other NUREG docu-
ments (Mc81 and Bu84) are believed to provide sufficient information for any
regulatory body, reactor vendor, service laboratory, or utility to optimally
use the PCA Benchmarks, for 1) and 2) above, in their respective areas of
responsibility.

The past PCA (Mc81), the present PCA (Section 5), ana the PCA Replica (Bus4)
computational results support the statement (Fa79) that under idealized
environmental conditions (benchmark), modern computational techniques are
currently capable of predicting absolute in-vessel neutron reaction rates
per unit reactor core power to within +15% (15) (but generally not to

within +5%); this is a great improvement compared with the situation pre-
vailing a few years ago, before the PCA experiments were undertaken
(Mc79,Mc81a,Fa’79), where factors of two or more differences between FSAR
predictions and surveillance capsule measurements were not uncommin (see
Figure 5.2). The achievable accuracy will be markedly less, however, in
appiications to actual power plants because of new low-leakage neutron core
fuel management schemes, geometrical complexities and other factors; all of
which will continue to require careful study and evaluation for specific PWR
and BWR plants.

For routine LWR power plant calculations using transport methods, the PCA
results validate the statement (5e80) "that results can be obtained as accu-
rate as +15% (lo) for flux and fluence greater than E > 1.0 MeV, if the
calculatons are properly modeled and subjected to benchmark neutron field
verification. Otherwise, errors can be a factor of two or more." For the
dpa exposure parameter, the PCA results would support a similar statement.

A new area of concern for LWR surveillance programs and safety, liceasing
and regulatory issues related to pressurized thermal shock (PTS) (Di82) is
the possible contribution of thermal neutrons and helium production from
boron and steel to the embrittlement process (GuB84a,Mc84,Mc84e). If it is
shown that thermal neutrons and helium are contributing significantly to the
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shift at the PV steel inner and outer surfaces, it will be necessary

better define the thermal component of the neutron f lux-f luence-spectrum

irough the PV wall and within surveillance capsules. No effort has been
nade

per

to define this component of the neutron field for the present PCA
iments.

nc lusions and Vw‘ﬂmmwnhnl

mpared with the measurements and with reference to the previous Blind

fest results (Mc81, Section 7), most calculations showed a trend towards
inderestimating the fluxes (& 0.1 and 1.0 MeV) by 5% to 25%, and

even more at higher neutron energies and deeper steel penetrations.

This raises several relevant questions:

How does this tendency imply a general non .onservatism in the
safet Z‘anal]<'n of «dﬂ-uv lnrwgylty in rvgulatory and ‘rnnomlr
terms? The general answer is that a bias on the order of 10% to
I5% is likely to affect any current in-vessel damage exposure
projection; such a bias appears consistent with known uncertainties
in the iron cross-section data. This is a small bias compared to
111 other neutronic, mechanical, chemistry, temperature, stress,

3= | 0




uncertainties that plague in-vessel embrittlement and crack propa-
gation assessments. Nevertheless, because the bias is nonconserva-
tive in a safety sense, it must be factored into the upper bound
e:t;?ates for in-vessel quarter thickness damage correlation
studies.

: To what extent does a specific PCA "validated" cuiculation justify
the applied method and data for their transposition to power reac-
or analysis ere 15 no general answer to this question, partly
because, in many respects, the PCA benchmark is nol prototypic of
a generic LWR concept. Consequently, in-depth examination of
every submitted calculation (unless it is grossly faulty) is nec-
essary before any statement can be made as to whether calculated-

to-experimental (C/E) agreement in PCa ur C/E bias in PCA means

the same in an actual LWR analysis.

2) Detailed comparisons in terms of the C/E ratios for the 58Ni(n.p) and
other reactions at different locations are provided in Section /7 and in
(Mc81). They show that not only are the calculations generally lower

than the experimental values, but that the C/E ratios decrease with

increasing distance from the core.* The absolute C/E traverses (Mc8l,
Section 7.2) clearly establish that discrepancies between integral mea-

surements and transport theory in PCA:

H Are not a problem of flux normalization.

Are <10% for the damage exposure parameters dpa** and fluence
>1 MeV.

Are significant (>10%) only at energies >2 MeV and thus involve

a spectral shape, but are not a flux scale problem.

. Are most likely due to inadequacies in the iron nonelastic scat-
tering cross-section data above ~4 to 5 MeV. This is pin-pointed

by the results of the sensitivity study in (Mc81), Section 6.]

3) There is evidence from dosimetry experiments in LWR-PV environments that
corrections of up to about 35% for photofission in 238y are necessary

to explain experimental results (5179). If photofission contributi

ons

*Here it should be pointed out that NRE gsnsors bracket the flux ab?‘e .4 MeV
in about 0.1 MeV steps up to 0.7 MeV; 2 (n,f), 05% (n,n') and bln(n,n')
sensors bracket the fiux >1.0 MeV; the 23 (n,f) and

significantly higher in the 1.5- to 2.5:MeV range; while, the ‘
responds above ~6.0 MeV. Further, the ¢
to dpa in steel (Fa80a).

**Confirmed by silicon damage results in the PCA 4/12 SS5C configuration.

5=-11

i(n,p),spsponses are
Al(n,a) sensor
Np's response is nearly proportional



are as large as these findings indicate, corrections for this effect
would become mandatory for routine LWK-PV neutron dosimetry. As dis-
cussed in Section 4.5 and in Mc81, Section 5.0, photo-fission correc-
tions for the PCA measurements have bee de. as appropriate, for the
fission and (n,n') reactions. 5350 h the largest photofis-
sion corrections are required for fission. and they appear to be
less than 75 ;or all PCA configurations and locations. Corrections for
fission in Np are only about one third as large, and those for the
other sensors are negligibly small.

Results of the comparisons and consistency checks between calculated
and measured integral reaction rate and flux-spectral data are presen-
ted in Section 7.0 and in McB1, Sections 4.0 and 7.0. Included are
discussions of the uncertainties in derived values of flux-spectra and
exposure parameters (total fluence, fluence > 0.1 MeV and 1.0 MeV,

and dpa) based on least-squares analysis using HEUL, ORNL, and RR&A
adjustiment codes. It is concluded that, in general, values of these
exposure parameters can be derived with accuracies in the range of +5%
to +15% (lo) for the PCA and similarily benchmarked neutron fields.
The accuracy, however, will be generally less in applications to actual
power plants due to greater uncertainty in defining core boundary
source distributions (particularly for new low-leakage neutron cores),
greater complexity of geometric modeling, and a raduced degree of bench-
mark referencing of both dosimetry and neutron transport calculations.




1.6 DESCRIPTION OF EXPERIMENTAL FACILITY

F. B. K. Kam (ORNL)

SUMMARY

As described in a previous document,* the Pool Critical Assembly (PCA)
at the Oak Ridge National Laboratory (ORNL) was the site of an extensive
experimental and calculational program to qualify this facility as a
reference benchmark field. This report is concerned primarily with the
x/y configurations of 4/12, and 4/12 SSC which were performed in support
of the metallurgical experiments at the Oak Ridge Research Reactor (ORR)
Poolside Facility (PSF). Here the x/y refers to the water gaps (in em)
from the reactor window simulator to the thermal shield/thermal shield
to the pressure vessel simulator as shown in Fig, 1.1.1, Current as-
built information for the two configurations is provided in Section 1.l
and run-to-run monitoring measurements and absolute normalizations in
Section 1.2, The PCA physical parameters and the core power and
buckling measurements described in (Mc31) are applicable to this report,
This report described the ORR-PSF physics-dosimetry support experiments
performed in the PCA and updates any data, recommendations, and conclu-
sions from previous 8/7 and 12/13 configurations.

*(Mc81).
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lal ESICAL DESCRIPTION OF PCA 4/12 and 4/12 SSC CONFIGURATIONS
F. B. K, Kam (O“L)

The PCA Benchmark Facility established at ORNL consists of the PCA reac~
tor core and the ex-core components that are used to mock up pressure
vessel surveillance configurations for LWRs. These ex-core components
are the thermal shield (T8), the simulated surveillance capsule (8SC),
the pressure vessel simulator (PVS), and the gsimulated reactor cavity
[void box (VB) in PCA|. Because high-power metallurgical irradiations
were carried on concurrently at the ORR-PSF for a selected TS, §8C, PVS
and VB configuration, an aluminum window that is a permanent part of the
ORR was added to the PCA Benchmark Facility. Thus, the PCA Benchmark
Facility serves three purposes:

1) To determine how well reactor physics computations predict measure~
ments for several TS, PVS and VB configurations for a representative
power reactor pressure vessel wall thickness

2) To assess and improve current in- and ex-vessel state-of ~the-art
dosimetry techniques

3) To provide technical support for the final TS, SSC, PVS, and VB
configuration for the ORR Metalluryical Benchmark Facility.

The PCA core is a light water moderated, enriched uranium fueled,
Material Test Rea tor (MTR) plate-type elements critical assembly that
provides the source of leakage neutrons for the T$-58C~-PVS~VB, The
Benchmark Facility components are located in a large pool of water main-
tained at approximately 37.7°C that provides experimental access to
locations in or adjacent to the TS, SSC, PVS, and VB so measurements
related to physics, dosimetry, and damage analysis can be made in con~
ditions similar to those existing in a LWR power reactor.

An overall view is given in Fig. 1.1.1, which shows the facility in its
water pool. The pool water serves as reactor coolant, moderator, and
personnel shielding. The dosimetry measurements were performed in loca~
tions Al through A7 for the 4/12 and 4/12 S8C configurations shown in
plan views in Figs, 1.1.2 and 1.1.3. The elevation view is given in

Fig. 1.1.4 and a vertical section of the void box is shown in Fig. 1.1.5.
Figure 1.1.6 shows the PCA simulated surveillance capsule (S8C) used in
Fig. l.1.3. The SSC centerline is located 5.08 cm below the reactor
horizontal midplane and centered relative to the vertical midplane,

The PCA core consists of 25 elements as shown in Fig. 1.1.7. This
loading pattern was escablished after several other loadings were tested
and rejected. The criteria for the selection specified: 1) that fuel
elements contain essentially no fission products; 2) that fuel elements
on the first row facing the experiment should be the same type and
should have the same “'50 loadings; 3) quarter core symmetry (if
practical); 4) that the cor. be critical with the control rods withdrawn
more than 18 inches; and 5) that a fuel element be inserted at core

1.1-1
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AUX 140 140 140 140 140
A FC A-80 | A-177 | I-116 | B-182 | A-77
140 S-1 140 53 140
s A-55 70 B-180| 70 A-64
B-114 B-127
140 200 133 200 140
C B-168 | M=49- | B-1494 M-48- | 1-113
H P H
140 -2 140 RK 140
D I-115] 70 s-17| 70 B-188
B-147 B-197
PR1 140 140 140 140 140
E FC A-81 | A-61 | A-75 | A-60 | I-117
F
G

Critical Rod Positions: No. 1 Safety =~ 19, inches
No. 2 Safety - 19. inches
No. 3 Safety =~ 19. inches

Regulating Rod - 15.13 inches
Critical mass: 3336.01 grams 235y

The numbers in the core locations are the fuel element identifications
and the approximate 235y loadings, within 1%, for each fuel element.
Safety rods !-3 are denoted by S-1, S-2, and S-3. The regulating rod is
denoted by PR, and the auxiliary and primary fission chambers are
denoted by AUX FC and PRI FC, Note that the fuel elements are not pre-
cisely square and that there is a water gap between each element; Tables
l.1.2 and 1.1.3 give details on the "~ el element geometry. The pitch
between rows is 3,189 inches, and the »itch between columns is 3.035
inches.

FIGURE 1.1.7. Fuel Loading Pattern for the PCA-PV Experiment.

center with a missing fuel plate to permit run-to-run normalization.*

It was assumed that the critical rod positions listed in Fig. l.1.7
satisfy criteria 4 since the regulating rod is worth a small fraction of
the three safety rods. The fully withdrawn position of the safety rods
is 24 inches, and the fully withdrawn position of the regulating rod is
22,2 inches,
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The dimensions of the ex-core components are given in Table 1.l1.l. The
TS and SSC are fabricated from type 304L stainless steel, containing not
more than 0.03% C, 2,00% Mn, 1.00% S1, 13.00 to 20.00% Cr, and 8.00 to
11.00% Ni. The nominal density of this material is 8.0 g/cm?. The PVS
is composed of type SA-36 carbon steel, containing not more than 0.25% C,
0.04% P, and 0.05% S. Its nominal density is 7.85 g/cm’®. The aluminum
window 13 made from aluminum 6061-T6, which has a nominal density of

2.7 g/em”,

Table 1.1.1
DIMENSIONS OF PCA CONFIGURATION

Thickness Widih Height

Component (cm) (cm) _(em)

Aluminum window 2,5 91.44 89.535
Thermal shield (TS) 5.9 68.58 68.58
Simulated surveillance capsule (SSC) 5.23 40.64 39.37
Pressure vessel simulator (PVS) 22.5 68.58 68.58
Void box (VB) 30.48% 68.58 68.58

*Void box dimensions include 0.3175-cm aluminum wall thickness on all
sides.

The measuring accuracy and reproducibility of the dimensions in Figs.
1.1.2 and 1.1.3 are estimated to be +0.1 cm (2¢) based on field measure-
ments. The deviations from the exact geometry as a result of surface
imperfections and tilts are *0.2 cm maximum. The contribution of these
uncertainties to the calculations of the reaction rates of the surveil-
lance position and 1/4 T position is reported in (Ma80a).

The origin of the coordinate system for locating all positions is placed
at the intersection of the aluminum windew surface facing the core and
the extension of the core centerline. This coordinate system is also
used for reporting the relative power distributions and reactor core
axial bucklings in Section 1.2.

The temperature of the water in the pool is approximately 37.7°C.
However, there is a 5°C fluctuation of water temperature from summer to

winter.

*The missing plate was restored during the fission chamber measurements
so that the core power distribution in Section 1.2 is based on a full
140-g element in position C5. The effect on the out-of-corc fluxes
should be negligible.
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1.2 RUN-TO-RUN MONITORING AND ABSOLUTE NORMALIZATIONS OF EXPERIMENTS
E. D. McGarry, A. Fabry, Raymond Cold, L. Kellogg and F. H. Ruddy

Skl Summary

Although satisfactory from the safety and general user's viewpoints, the
accuracy, precision and linearity of the PCA reactor control instrumentation
in the nominal core power range of 1 watt to 10 kilowatts (maximum permissible
power) are not sufficient for an adequate normalization, on a permanent

basis, of the high-accuracy LWR-PVS benchmark-referenced experiments.
Consequently, a long-term, run-to-run power-level monitoring and absolute
normalization capability was provided.

NUREG/CR-1861, which dealt with the 8/7 and 12/13 configurations of the PCA
Reactor Pressure Vessel Mockup experiment and which covered measurements in
those configurations in the period September 1978 to January 1981, inferred
that the precision of power normalization for any given PCA exposure was in
the 0.5 to 1.0% range. Data, herein, for the 4/12 SSC in the period Sep-
tember 1979 to November 1981 also support this conclusion.

The run-to-run monitor data in both periods tend to substantiate that the
accuracy of the reactor instrumentation at powers exceeding 10 watts is
consistent and on the average with the accuracy of measurements discussed
herein. This is significant because it has not been possible to have a
permanently positioned run-to-run monitor. In particular, it has been re-

moved every time the fuel grid is changed, which has been at least twice
each year.

2ekad Rationale

The run-to-run monitoring method is conceptually simple. The response of a
double fission chamber monitor, containing a "light" and "heavy" mass 238y
deposit, which is placed in a particular position at the lateral edge of the
PCA core, is calibrated with respect to the core-center response of a mini-
ature 235U fission chamber. The latter is used to establish total core
power. NBS provided the run-to-run monitor chamber; CEN/SCK provided the
calibration tie with the core power.

1.2.3 Experimental Details and Results

The relative CEN/SCK calibration factor was 0.01204 * 0.00015. NBS
re-verified this calibration in June 1981 as 0.0119 * 0.0002. NBS also made
additional re-calibration measurements of the run-to-run monitor in October
and November 1981. These are reported in Tables 1.2.2 and 1.2.3. Normali-
zation measurements rclative to specific dosimetry in 8/7, 12/13 and 4/12
configurations of the PCA are discissed throughout the text of this report.

1.2-1



TABLE 1.2.1

SUMMARY OF RUN-TO-RUN MONITOR CALIBRATIONS
FOR VARIOUS PERIODS FROM JUNE 1979* TO THE PRESENT

Period in Run-to-Run Monitor
Program Calibration Factors** in
History Watts/cps of Monitor Heavier Deposit
June 1979 - January 1980 1.656 + 0,5%%**
November 1980 0.775 + 0.8%
January 1981 0.738 + 0.9%
October 1981 0.774 + 0.9%
November 1981 0.759 + 0,87%%*%%

*There are no reliable run-to-run monitor data prior to June 1979.

**Calibrations between June 1979 and January 1981 were done by
A. Fabry, CEN/SCK. Subsequent to this, calibrations were done by
E. D. McGarry, NBS.

***Not the same deposits as used for subsequent operations. Note
June 1979 thru January 1981 data were reported in (Mc81).
October and November 1981 calibrations are repcrted herein. See
Tables 1.2.2 and 1.2.3.

****The above quoted uncertainties refer to reproducibility. There is one
additional factor to consider relative to the November 1981
measurements. The plexiglass piece used to guarantee repositioning of
the Mol fission chamber was broken off of the center PCA fuel element
sometime in late October or early November. Therefore, there are
greater uncertainties about positioning even though greater time and
effort were taken to reposition. Furthermore, some measurements
taken by L. Kellogg and A. Fabry on about 10/23/81 suggest
that a factor of 0.77 was still applicable at that time.
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TABLE 1.2.2
PCA RUN-TO-RUN MONITOR CALIBRATION FOR OCTOBER 1981 MEASUREMENTS

Mol Chamber* Data NBS Chamber Data**
Nominal Ratio
PCA Resolving Time Resolving Time watts
P?zsr Raw Data (cps) Corrected Data Power (watts) Raw Data (cps) Corrected Data NES Cps
Tuesday 29 Sept.
100 8216 t 46 8486 *+ 68 101.4 +1.9% 130.9 * 0.8 130.9 + 1.0 0.775 ¢+ 2.0%
i 50 4088 t 15 4155 + 30 49.65 t 1.8% 64.50 ¢+ 1.1 64.50 + 1.2 0.770 + 2.6%
Ej Wednesday 30 Sept.
100 8216 *+ 86 8486 t 107 101.4 +2.1% 130.2 t 1.7 130.2 + 1.8 0.779 + 2.5%
50 4087 + 11 4154 + 27 49.64 + 1.8% 64.70 £ 0.7 64.70 + 0.8 d.767 t 2.2%
25 2135 £ 3 2153 t 28 25.73 :2.1% 33.26 t 0.61 33.26 + 0.63 0.774 + 2.8%
10 841.4 ¢+ 7.2 844.2 + 9 10.10 + 2.0% 13.15 ¢ 0.51 13.15 £+ 0.54 0.768 ¢+ 4.6%
Thursday 1 Oct.
100 8237 48 8508 ¢+ 73 101.7 t1.9% 129.1 ¢ 1.6 129.1 1.7 0.788 ¢ 2.3%
5 415.7 + 3.5 416.4 + 3.7 4.976 + 1.9% 6.45 ¢ 0.23 6.45 ¢ 0.24 0.771 *+ 4.2%
* All data refer to a vertical position of 12.5 an the new positioning tool Weighted Average = 0.774 + 0.9%

for the Mol chamber. Dead time (DT) corrections thenfor Mol chamber are
based upon 4 x 10-° seconds resolving time. The true power 1s hased upon
NBS and Mol measurements of central core power chamber 0.01195 t 0.0002
witts/cps.

**Heavy deposit only because operation was restricted to low power levels.
Nead time (DT) corrections are based upon 2.5 x 10-© seconds resolving
time,




TABLE 1.2.3

PCA RUN-TO-RUN MONITOR CALIBRATION FOR NOVEMBER 1981 HEDL RADIOMETRIC AND SSTR .MEASUREMENTS

Nominal Mol Chamber Data NBS Chamber Data*
PCA g 0 - (e 2 e g i - e Rato
Power Resolving Time Resolving Time wattls

(W) Raw Data (cps) Corrected Data Power (watts) Raw Data (cps) Corrected Data NBS cps

10 - ' b 9.99 * 0,17 13.27 ¢ 0.11 13. 0.11 0.753 ¢+ 1.8%
25 5 8 25.8 34.18 t 0.26 34.18 * 0.26 0.755 .B%
50 - S 2.4 50.1 0.8 66.82 + 0.39 t 0.34 0.750 7%
¥ 9.99 ¢ 0.17 13.3¢ 20,07 13. 3¢ 0.07 0.750 ¢+ 1.7%

4.98 .08 6.55 £ 0.05 6.55 ¢ 0.06 0.760 + 2.6%

23 t 27 26.1 t0.54 34.36 ¢ 0.18 34, 0.18 0.759 ¢ 2.4%

17 8423 t 20 100.7 * 0.29 132.5 t 0.48 t 0.49 0.760 + 0.8%

*Heavy deposit only because operation restricted to low power levels. Weighted Average = 0.759 + 0.8%
Dead twme (DT) corrections based upon 2.5 x 10-® seconds resolving time,




1.2.4 PCA Reactor Power Unit Conversions
F. H. Ruddy (HEDL)

Reaction rates measured at PCA have been variously reported in units of
reactions per atom per kilowatt-hour, reactions per hour per second at

10 kilowatts, and reactions per atom per second per core neutron. Simi-
larly, equivalent fission fluxes have been reported both as fission equiva-
lent fluxes per square centimeter per second at 10 kilowatts and as fission
equivalent fluxes per square centimeter per core neutron. Taole 1.2.4 con-
tains a compilation of factors for conversions between these various units.

Reaciion rates and equivalent fission fluxes should be reported in terms of
the true PCA power. When PCA is operated at a insirumeént power of 10.0 kilo-
watts, the true power 1s 9.75 kilowatts (Mc81b).

After June 1979 mechanical modifications were made to the PCA support struc-
tures in order to accommodate the PCA 4/12 configuration. As a result, the
dimensions of the water gaps between the core, thermal shield, and pressure
vessel simulator changed slignhtly. Reaction rates and fission equivalent

fluxes should be reported consistent with the post-June 1979 specifications.

A compilation of factors for converting pre-June 1979 measurements is con-
tained in Table 7.2.1 of Fa8ld.
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TABLE 1.2.4

CONVERSIONS ANC CONVERSION FACTORS

The average number of neutrons produced per fission is_2.420.
The average energy released per fission is 3.204 x 10-11 watts.

To Convert

Reactions per atom per second at 10 kilowatts

Reactions per atom per kilowatt-hour

Reactions per atom per second at 10 kilowatts

Fission equivalent flux

To,

Reactions per atom per
kilowatt-hour

Reactions per atom per
second per core neutron

Reactions per atom per
second per core neutron

Reaction rate

Multiply By

360

3.679 x 10718

1.324 x 10-15

Fission spectrum-
averaged cross
section in cm™




2.0 EXPERIMENTAL PROGRAM: INTEGRAL MEASUREMENTS
E. G. McGarry (NBS), Raymond Gold, L. 5. Kellogg and
F. H. Ruddy (HEDL)

SUMMARYY

The physics dosimetry information in this NUREG report is derived from exten-
sive neutron and gamma-ray fluence and spectrum measurements made to provide
a detailed understanding of the spatial and energy behavior of radiation in
light water reactor pressure vessel environments. From an overall point of
view, this information is used to test the validity of neutron and gamma
transport theory calculations for commercial nuclear reactors. From a more
focused point of view, the information defines the radiation environment of
a particular pressure vessel simulator with sufficient power (or fluence) to
simultaneousliy carry out metallurgy and dosimetry experiments. For example,
the 4/12 SSC configuration at the PCA is a zero-power mockup of the SDMF
(Standard Dosimetry Measurement Facility). The SDMF is a high-flux (30 MW)
pressure vessel simulator at the Pool Side Facility (PSF) of the Oak Ridge
Research Reactor (ORR). The information reported herein addresses the PCA
4/12 SSC configuration for the first time, whereas supplementary and updated
information is provided for two pressure vessel mockups studied earlier:

the 8/7 and 12/13 configurations (Mc81).
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2.1 TEST MATRIX SELECTION AND RATIONALE
E. 6. McGarry (NBS), Raymond Gold, L. S. Kellogg and
F. H. Ruddy (HEDL)

Dosimetry techniques in the PCA are necessarily limited by small fluences
available from the 10-keV maximum reactor power. Neutron measurements
primarily address neutrons whose energies exceed 0.1 MeV. These are made
with two different types of fission chambers, with radiometric foil tech-
niques, and with solid state track recorders (SSTRs). The measurements are
made in terms of absolute core power (+4%), which is based upon extensive
traverse buckling measurements throughout the plates of the fuel elements
using a miniature ***U fission chamber whose mass (+2%) was independently
calibrated (Mc81b). Absolute accuracies, inclusive of the power uncertainty,
are presently at the 10% to 12% level (see primarily discussion in Section
2.6). Further, investigation may reduce the overall uncertainty to a +6%
level. Even with a benchmark referencing effort at the +2.5% accuracy level,
this would appear, however, to be the presently achievabTe limit of accuracy
for the PCA neutron measurements.

Gamra measurements address photons with energies less than 6 MeV, but two of
the three methods (ion chambers and TLDs) are primarily sensitive to signifi-
cantly lesser energies (<3 MeV). The thirc n2thod, for both spectrum and
intensity measurements, is Compton recoil spectrometry with a silicon semi-
conductor detector known as the Janus probe (Go70a,Go70b,Go71b). The abso-
Jute accuracy of the gamma intensity measurements is more difficult to define
precisely but, from agreement among measurement methods, is estimated at 10%
to 15%. This is adequate for low-energy gamma measurements since the main
interest is to verify calculations of gamma heating. Higher energy uncer-
tainties are more speculative because considerable emphasis has been placed
on reaching as high in energy as possible to better understand effects of
photofission. The degree to which this has been successful is discussed in
Section 4.0.
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2.2 BENCHMARK FIELD REFERENCING
E. D. McGarry and J. A. Grundl (NBS) and A. Fabry (CEN/SCK)

2.2.1 Principles of Benchmark Referencing to a Standard Neutron Field

Controlled irradiations in a standard neutron field provide known fluences

of neutrons with a well-known energy distribution. Such irradiations, therefore,
provide a means of benchmark referencing neutron measuring techniques.

Reference (Mc81) provided an extensive discussion of the principles and techniques.
Only the main issues of benchmark referencing will be reviewed here.

2.2.1.2 Flux Transfer from Benchmark Fields

To obtain the neutron flux in an applied field relative to that in the standard
field, a neutron sensor is used as a transfer instrument whose response is
calibrated in terms of the absolute flux in the benchmark field. The driving
source of neutrons for LWRs is fission in 235U. Therefore, this fission

spectrum is the appropriate benchmark for neutron fields found in and around
pressure vessels. However, 235U neutron fields of sufficient intensity for
calibration of many types of detectors can only be produced in reactors.

This presents a problem: How can the source strengths of variable-power

reactor fields be accurately established? In the US, 252Cf sources with a well-
known fission spectrum are used to produce the primary standard neutron fields.
Their neutron source strengths are accurately determined relative to an
international standard, Ra-Ba source NBS-1, by measurements in a manganous
sulphate bath (No63). However, most 252Cf sources have too little source strength
for materials dosimetry calibrations Therefore, flux transfers from 252Cf must
be made to establish the absolute flux scales of appropriate 235U fission sources.

2.2.1.3 Standard 235y Fission Neutron Field Irradiation

The calibration irradiations necessary for benchmark referencing PCA-RPY
dosimetry were carried out in the fast fissich flux from a 275U converter.

Such a converter may be found in a spherical cavity within the thermal columns
of the research reactors either at NBS (Gaithersburg, MD) or at CEN/SCK

(Mol, Belgium). During irradiations in tne 235U converter, dosimetry foils are
held within cadmium thermal-neutron shields by light-weight pieces of aluminum.
At NBS, for example, indium foils are irradiated simultaneously with other
dosimetry foils of interest. The relative indium activity provides information
necessary to correct for spatial variations in the fast flux between two
fissioning 235 disks. The absolute indium activity provides the flux transfer
from the “>2Cf. The electronics for counting the 4.5-hour '!5In(n,n')!i5M[p
activity is previously caiibrated by counting indium from a known-fluence
irradiation in a 252Cf neutron field.

2.2.1.4 Measurements of Fission Equivalent Fluxes in PCA

A principal purpose of the PCA-RPV simulator is to provide experimentally
characterized neutron fields representative of a pressure vessel environment
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so that transport theory calculations may be validated. The primary quantities
for confrontation of measurement and calculation are ratios of calculated
quantities to experimental quantities derived from threshold neutron sensors
that have been calibrated in the 235U fission spectrum. The quantities chosen
are benchmark-referenced neutron fluxes. A fundamental point here is that
neutron flux is the quantity that is certified for all standard neutron field
calibrations. The benchmark-referenced fluxes measured in PCA are called
"equivalent fission fluxes." They are defined by

¢f1=j o;(E) o(E) dE [xzs(E) o;(E) dE (1)
0 0

where:

Oi(E)

the appropriate reaction cross-section.

¢(E) = neutron energy spectrum of interest at various PCA-RPV locations.

X

x 235y fission spectrum normalized to an integral of unity. .

The numerator is a reaction (or fission) probability rate per target nucleus,
R/N, in the PCA-RPV. The denominator is the 235U spectrum-average cross
section. Therefore, the equivalent fission flux Of4 is detector-dependent.

To relate the symbolism of Eq. (1) to operational measurements, observe that
in terms of the mentioned reaction probability rates, R/N, the fission equiva-
lent flux b4 is given directly by

(R/N)pca
bfq © RN ’ ¢25 (2)

25

where ¢ is flux of the 235y spectrum. Furthermore, since (R/N)Zsloz in

25
Eq. (2) is a 252Cf spectrum-averagec cross section, the product of that cross
section and the associated ¢ equals a reaction probability rate in PCA.

The equivalent fission flux has the advantage that many uncertainties such as
those associated with absolute cross sections, detector efficiencies and
branching ratios will disappear from the measured relative response ratios by
physical compensation rather than by calculational corrections.
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Throughout Section 2 it is important to understand that "detector response"
can mean the counting rate of a fission chamber, the track density of fission
tracks in a SSTR, or the radioactivity in activation foils or fission foils.
Furthermore, "response” refers not only to the response of the neutron-sensing
element but also to the associated counting system used to measure the results
of the interaction of the detector with the neutron field.

2.2.1.% Measurements of Spectral Indices in PCA

A spectral index, Sa , for two izotopes a and 8, is equivalent to the ratio
of their responses pé? target atom, or in turn, their spectrum-averaged cross
sections. See Eq. (3).

(R/N)a 5;
/s = TRANT, ° T (3)
%

The benchmark-referenced spectral index for iostopes a and g8 is a double
ratio; the spectral index in a neutron field under study divided by that in
the 235y fission spectrum. For the PCA-RPV simulator:

PCA PCA

25
sa/ﬁ - (R/N)Cl (R/N'),B (4)
S29. (R/N)ZS(R/N),"

The uncertainties in the masses of the sensors are cancelled by this calibra-
tion technique. As shown by Eq. (5), this double ratio is also equal to the

ratios of the equilvalent fission fluxes obtained from measurements with
isotopes a and g.

5PCA
a/B = b¢./%¢g

25
Su/B

(5)

2.2.1.6 Benchmark Referencing Measurements

The remainder of Section 2 deals with specific measurements made to benchmark
the physics dosimetry in PCA. Also extensive benchmarking measurements are
reported in Section 2 of Reference (Mc81).
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2.2.2.1

Validation and Benchmark Referencing of PCA Dosimetry

Measurements

Introduction

The purpose of this section is to identify and summarize results from
activities undertaken to provide accurate physics dosimetry for development
of the PCA-RPV Benchmark. A similar section in Reference (Mc81) addressed
many of these same subjects and its contents are, first, briefly reviewed.
The benchmark referencing subjects were:

(1)

(2)

(3)

(5)
(6)

Measurements in the NBS 232Cf Standard Neutron Field to provide
calibration data for spectral index measurements of 237Np and 238y
with the NBS dual fission chamber.

Calibration measurements in the 235U Standard Neutron Fields at
NBS and CEN/SCK to provide the bases for measurements of fission
equivalent fluxes with fission chambers and with CEN/SCK radio-
metric sensors.

Measurements in the 235J Standard Neutron Field at NBS to validate
radiometric sensor measurements made by both HEDL and CEN/SCK.

Measurements in the 252Cf spectrum to validate HEDL nuclear emul-
sion spectroscopy.

Measurements in the 252Cf spectrum to validate HEDL SSTR dosimetry.

Thermal neutron flux calibration of the effective mass of 2350 in
the CEN/SCK miniature fission chamber used to measure absolute
power profiles in the PCA reactor core.

In this report there is additional information on measurements relative to
items (3) and (5) as well as:

(7)

(8)

(9)

Revision of benchmark calibration factors for the dual NBS fission
chambers because of a re-evaluation of the masses of NBS deposits
and new cross-section information (Gr83). The revised 235y
spectrum-averaged cross sections for fission in 237Np and 238y are
1.344 barns *+ 4,0% and 0.308 barns * 2.7%, respectively.

Measurements in the 235y Standard Neutron Field at NBS to cali-
brate radiometric counting equipment at ORNL which was used by
HEDL to make measurements at PCA in 1981.

Information about recent, additional comparisons between NBS 252Cf

and 235y standard neutron fields and the European Standard 235y
Fission Spectrum at the CEN/SCK Laboratories, Mol, Belgium.
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2.2.2.2 Use of 252Cf Neutrons to Benchmark Reference NBS Spectral Index
Measurements in the PCA-PV Simulator

Even though the 235U fission spectrum is designated as the reference neutron
field for benchmarking the PCA-RPV measurements, the 252Cf fission spectrum
has bezen of necessity used on several occasions. In particular, it was used
to calibrate the dual NBS fission chambers for the 1979-1981 PCA measure-
ments and it was used to calibrate SSTRs and nuclear emulsions. To make
these 252Cf calibrations applicable to reactor (e.g., PCA) dosimetry and to
the 235U fission spectrum, it is necessary to multiply the 252Cf results by
the ratio of sgectrum-averaged cross sections in the two neutron fields.

For 237Np and 238 these values, as derived from (Gr83), are 1.017 and
1.049, respectively. The fission response per unit flux, Re/¢, for the a-th
deposit in the 235Q spectrum is

a a 0‘235 a
R /o] = R /¢] (———) (6)
f 5 f 2 =

23 y SZCf 0252

Tables 2.2.1, 2.2.2, and 2.2.3 summarize the relative responses of pairs of
specific NBS fissionable deposits in the 252Cf field. The 252Cf irradia-
tions are conducted in the immediate vicinity (4- to 12-cm source-to-deposit
distances) of an isolated, single, steel-encapsulated, point source of cali-
fornium of approximately 3 x 10 neutrons/s source strength. The irradia-
tions are carried out in compensated-beam geometry where the two pairs of
deposits are irradiated on opposite sides of the source so that the critical
distance is that between the foil sets. The chambers' responses are
observed for two orientations: the fronts toward the source and then the
backs toward the source. The source is pulled into position several times
to observe effects of rotation, which will arise if the californium oxide
bead is not at the exact center of the source.

Table 2.2.1 gives details of the benchmark referenced calibration factors
fur measuring spectral indices in the PCA. Tables 2.2.2 and 2.2.3 provide
information about the benchmark calibrations necessary to derive fission
equivalent fluxes from NBS fission chamber measurements. These latter two
tables also show the effect of the re-evaluation of the masses of the NBS
deposits. In particular, Tables 2.2.2 and 2.2.3 compare R¢/¢ values derived
from calibrations made by different people, using different neutron sources,
fission chambers and electronics. For 237Np the ratio of the Rf/? value in
Table 2.2.2 to the new value in Table 2.2.3 is 1.001, while for 238, the
corresponding ratio is 0.996. Both indicate excellent agreement. Further-
more, the new R§/8 values from Table 2.2.3 must also yield the cross section
ratio of 237Np/238y in the 252Cf spectrum, 4.19 * 1.5%, as given in Table
2.2.1. The following calcuiation which takes into account the masses of the
two foils also indicates very good agreement.

9.051 x 10~/ x 691.0
= 4.21 (¢ ~2.2%) (7)
. 5.698 x 10-7 x 260.8
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TABLE 2.2.1

CALIBRATION FACTORS FOR MEASURING SPECTRAL INDEXES IN THE LWR-PV SIMULATOR
AS OBTAINED FROM CALIFORNIUM-252 NEUTRON IRRADIATIONS OF NBS FISSION DEPOSITS

Foil Pairs
Used for
Spectral Index
Measurements

Observed
ETZ & D.T.
Corrected

Fission

Rate Ratios

Corrections
for Fissions
in Impurities
in the Cf-252

Field

Adjustments¥
for Scattering
in the Cf-252

Field

R/

/.

— —

0.99973+.00007

1.0035 +.0015

1.000+.,001

1.007 £.0035

———

Calibration
factgr

()
[*./Rs]

2.540
t1.562

0.99961+,00007

0.9922+,0030

0.9976+.0008

1.007 +,C035

l

*These corrections are for scattering in the Cf-252 encapsulation.
removal in the fission chamber housing or fission deposit backing.

"o 2 Y

rel).

**See Reference

|

!

No corrections for scattering or
See text for discussion of this.
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TABLE 2.2.2

SUMMARY OF 252Cf REiCHMARK REFERENCED CALIBRATION FACTORS* FOR NBS
237Np AND 238y FISSION CHAMBERS AS MEASURED** FOR PCA/RPV PROGRAM

Fissionable 2520 fan ETZ & DT*** Correction for Observed
Deposit Flux Corrected <Su> Fissionable Impurities Rflo
375-2-2 1.875 x 107 16.70 + 1.4% 0.99973 8.90 x 10-7 + 2.5%

+ 2.0%
28HD-5-2 (same) 10.08 * 1.0% 1.00000 5.38 x 10-7 = 2.6%

Ratio of the Observed 237Np and 238U Calibration Factors*

(Re/e)’’
(Re/9)°°

= 1.656 * 2.1%

* Fission counting rate per unit fluence: Rg/¢.
** Fission source was NS-100 on 11 May 1979.
*#*£T7 = Extrapolation-to-Zero Correction [See Ref. (Gr77)]; DT = Deadtime or resolving time loss

correction which was for the most part negligible because of low counting rates; <§,> = counts of
fission response above c..2 of two (the upper level) discriminators.
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TABLE 2.2.3

SUMMARY OF 252Cf BENCHMARK REFERENCED CALIBRATION FACTORS* FOR NBS
237§8p AND 238 FISSION CHAMBERS AS DEDUCED FROM RAW DATA FOR CROSS SECTION MEASUREMENTS**

R¢/¢ Adjusted for Fission Fragment Absorption
and Scattering in the 252Cf Source Capsule***

Used Previous]y;*****

Fissionable With New Masses and Revised Prior to Mass/Cross New/01d Ratio
Deposit Cross Sections**** Section Revision of R¢/¢ Factors
9.051 x 10-7 -7 -
375-2-2 = 8.891 x 10~/ * 2.4% 8.81 x 10 1.0091
(1.0145)(1.0035)
28HD-5-2 5.698 x 107 . 5 451 x 10~/ + 2.4% 5.40 x 10~7 1.0094

(1.0381)(1.0070)

Ratio of the Derived ?3’Np and 238U Calibration Factors*

37
(Rf/O) N

T 1.631 = 1.9%
(Rf/O)

* Fission counting rate per unit fluence: Rg/¢.
**  See Reference (Gr77b).
*** See text Section 2.2 for explanation.

*xx* See Reference (Gr83) The first factor in denominator is for fragment absorption; the second,

scattering.
*x*x**See Reference (Mc8l).




It should be noted that three quantities, fission equivalent fluxes, fission
rates and spectral indices, are derived from the NBS fission chamber mea-
surements. These are obviously not independent quantities, and within the
quoted precisions the latter two may be derived from the fission equivalent
fluxes, which are the primary measurements. However, fission equivalent
fluxes and spectral indices are, in principle, different measurements
because they are related to two separate calibrations. Furthermore, the

237 . to 238y spectra! index when measured with back-to-back deposits in a
dual fission chamber is independent of absolute reactor power. On the other
hand, all fission equivalent flux measurements must be adjusted to a reactor
power of 10 kW. Consequently, the ratio of fission equivalent fluxes (or
fission rates) do not necessarily yield the exac* same values of spectral
indices as the "measured" indices, again, the preferred values. Fission
rates, incidentally, are only derived from NBS chamber measurements for
comparisons with those from SSTRs, which are noi yet completely benchmarked
in terms of fission equivalent fluxes. Derivation of fission rates from NBS
chamber measurements requires explicit knowledge of deposit masses, which
are, in general, 1.5 to 2% (see Table 2.2.4).

The benchmark calibrations of the miniature, Mol fission chambers, not dis-
cussed herein, have not changed and are reported in (Mc8l1).
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TABLE 2.2.4

UPDATED CHARACTERISTICS OF NBS FISSIONABLE DEPOSITS USED FOR PCA
MEASUREMENTS BETWEEN SEPTEMBER 1979 AND NOVEMBER 1981

oL-2°2

Deposit Type and Mass of Deposit Principal Isotope Prlnc;palrzzzu:onlble
Identification (micrograms) (atom percent) ( t-pu 4 ent)
atom perce sl
2375p: 378-2-2 260.8 + 1.4% 99.98 + 0.0l 239%y: 0.02 + 0.01
238y. 28HD-5-2% 691 + 1.32 99.999 + 0,002 235y 0.0002 + 0.0002
238y. 0,053 + 0.002
235y:  25K-1-1 129 + 1.32 99.89 + 0.01 234y.  0.035 + 0.001
236y: 0.025 + 0.001
235y. 0.061 + 0.002
238y:  285-4-4w+ 453 + 1,92 99.94 + 0.01 234y,  <0.001
236y: <0.005
238y.  28HD-8-1%wx 858 + 1.5% 99.999 + 0.002 235y: 0.0002 + 0.0002

*Always measured in the chamber with 375-2-2 until September 1981,
**Always measured in the chamber with 25K-1-1.
***0Only used in the chamber with 375-2-2 in period September 1981 to November 1981.




. 2. FISSION CHAMBER MEASUREMENTS
E. D. McGarry (NBS) and A. Fabry (CEN/SCK)

231 NBS Fission Chamber Measurements

Table 2.3.1 is a summary of the ratios of NBS fission chamber response
for 237Np and 23%y deposits. Because the fissionable deposits are
separated by only 0.02% cm during irradiation (each deposit is on a
0.013-cm thick backing whose unplated sides are in contact), the two
deposits see essentially the same flux and the ratio measurements are
independent of reactor power level. Inspection of Table 2.3.1 shows the
ratio measurements are very reproducible. The averages and standard
deviations are given on the table. The ratio data are used to derive

the 237Np/238y spectral indices given in Table 2.3.2. Further discussion
of the spectral indices is delayed until Sect. 2.3.1.3.

In addition to the ratio measurements, the NBS fission chamber provides
data directly proportional to absolute fission rates, with close to 100%
efficiency. Such measurements are, however, power level dependent.
Table 2.3.3 indicates the extent (several percent) to which this is a
reproducibility problem. Table 2.3.4 shows how use is made of the run-
to-run power monitoring information, given in Sect. 1.2, to adjust the
237Np and 238 data of Table 2.3.3 for power level differences. Then,

. Table 2.3.5 shows the reproducibility of the adjusted data. A nominal
factor-of-three improvement is evident. Finally, the adjusted averages
of Table 2.3.5 are used to derive NBS values of 237Np and 238U fission
equivalent fluxes for the PCA 4/12 SSC configuration. These data,
including error propagation in quadrature, are given in Table 2.3.7.
Table 2.3.6 gives similar, updated information for the 8/7 and 12/13
configurations. The original 8/7 and 12/13 fission equivalent fluxes
were reported in (Mc81).

2.3.1.1 Fission Equivalent Fluxes

As mentioned, Table 2.3.6 contains revised NBS data for the 8/7 and

12/13 configurations. Changes to the data, which are 1n general less

than 2%, come about because of recent re-evaluations of deposit masses

and more recent re-evaluations of best integral cross—section values for
standard neutron fields (Gr83). The associated adjustments to the
benchmart calibration constants for NBS chamber measurements are discussed
in Sect. 2.2.

The significance of the ratios of fission rates to fission equivalent
fluxes (see column seven of Table 2.3.6), is that the ratios should
equal the 235U spectrum-averaged cross sections for 237Np and 238y,
Nominally, these values are 1344 for 237Np and 308 for 238y, Observed
differences result from tvo factors: (1) a nearly constant difference of
about 0.5% when masses are used to derive fission rates as opposed to
. using benchmarked constants (K-factors) to derive fission equivalent
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TABLE 2.3.1

SUMMARY OF 237Np/238y SPECTRAL INDEX MEASUREMENTS
MADE IN THE PCA 4/12 SSC PV CONFIGURATION

Measured
Fission Counter
Data Response Ratio Averaged Data

PCA 1/4 T Data

Sept. 79 3.402 + 0.025
Nov. &80 3.374 + 0.028 3.381 + 0.33%
Jan. 8] 3.365 + 0.023
Oct. 81 3.383 + 0.033

PCA 1/2 T Data

Sept. 79 4.336 + 0.042
Nov. 80 4.330 + 0.031 4.315 + 0.42%
Jan. @&l 4,279 + 0.030

PCA 3/4 T Data

Sept. 79 5.457 + 0.048
Nov. 80 5.463 + 0.045 5.447 + 0.52%
Jan. 81 5.422 + 0.042

Void Box Data

Jan. 81 6.17 + 0.11 6.17 + 1.8%
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TABLE 2.3.2

237§p /238y SPECTRAL INDEXES IN THE PCA 4/12 SSC CONFIGURATION

Observed Corrections 252¢¢ Spectral
PCA Fission Rate for Fissions Benchmark Index in PCA | Photofission| Spectral¥**
Pos | Ratios ETZ~- and| in Impurity Calibration not Corr. for | Correction Indexes
DT-Corrected Isotopes Factors Photofission in PCA
1/4 T| 3.381+0.33% 0.9978+.0015 8.573+1.59% 1.0169+1.7% 8.72+2.3%
0.9995.0003
1/2 T| 4.315:0.42% 0.9976:.0015 2.540+1,56% 10.93 *1.61% 1.01091.,0Z | 11.1 *2.1%
G.9996+,0003 or*
(oa/og)
3/6 T| 5.447:0,22% 0.9976+.0015 Ra/RE) 13.81 +1.58% 1.0246+2.02 | 14.2 +3.2%
0.9996+,.0003
VB 6.17 +1.80% 0.9972+.0020 15.64 +2,38% 1.0752+4.3%| 16.8 +6.5%
0.9993+.0004

*See last column of Table 2.2.1.

**ncertainties dependent substantially upon the photofission corrections.




TABLE 2.3.3

EXAMINATION OF THE REPRODUCIBILITY OF NBS DUAL FISSION CHAMBER
4/12 SSC DATA FROM MEASUREMENTS ON FOUR DIFFERENT DATES
(Data* have not been normalized for PCA power level differences)

Observed Counting Rates

Date 237Np 238y
PCA Position = 1/4 T
Sept. 79 335.2+ 1.4 % 98.52 + 1.8%
Nov. &0 353.9+ 0.81% 104.9 + 1.9%
Jan, 8] 342.9+ 0.62% 101.9 + 1.8%
1/4 T Averages** 344,33+ 2.7 % 101.8 * 3.1%
Additional 1/4 T Data

Oct. 81 34,0+ 1.6 %

PCA Position = 1/2 T

Sept. 79 183.8¢+ 1.7 % 42.39 +2.0%
Nov. 80 194.4+ 1.0% 44.90 £2.0%
Jan. 81 189.8+ 1.0 % 44.36 +1.5%
1/2 T Averages** 189.3 ¢+ 2.9 % 43.88 +3.0%
PCA Position = 3/4 T

Sept. 79 97.63 ¢+ 1.9 % 17.89¢ 2.2%
Nov. 80 100.91 + 1.1 % 18.47+ 2.5%
Jan. 81 99.34 + 0.8 % 18.32¢ 1.7%
3/4 T Averages** 99.29 + 1.7 % 18.23¢+ 2.5%

Counting Rates Relative

237NE

0.974
1.028
0.996

0.970
1.027
1.003

0.983
1.016
1.001

to Averages**
238U

0.968
1.030
1.001

0.966
1.023
1.011

0.982
1.013
1.005

* The data recorded are DT- and ETZ-corrected counting rates for 237Np
and 238 deposits back-to-back in the NBS fission chamber. DT
implies dead time (or resolving-time loss) corrected; ETZ implies an
extrapolation-to-zero correction.

**| inear averages of the three values.
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TABLE 2.3.4

NORMALIZATION OF NBS FISSION CHAMBER MEASUREMENTS TO ACCOUNT FOR PCA POWER LEVEL DIFFERENCES

- Fission Champer So> Counting | it "SI luanitor Calibration] — Rates (cps) Romalized 1o~
Position| Deadtimes and Extrapolation to Zero Counting Rate (cps)|Factor* (watt/cps) | 10kw PCA Reactor Power Level
337 338 (Dead Time Corrected| and PCA Power 237”p Data 23Bu Data
Np Data U Data Only)
September 1979 Data 1.656 + 0.5%
1/4T 335.2 +4.7 98.52+1.77 6011 338.9 +1.7% 99.62:2.0%
V21 183.8 +3.1 42.39+0.84 5940 185.8 12.2% 42.86+2.2%
3/47 97.63:1.9 17.89+0.39 5978 900002 0.958% 98.72+2.4% 18.09+2 .43
AVE = 5977:0.8%
~ November 1980 Data 0.776 + 0.8%
w /et 353.9 +2.9 108.9 +1.99 13482 336.7 +1.4% 99.8142.2%
il (V731 194.4 +1.9 44.90+0.90 13650 185.0 +1.5% 42.72+2.3%
/4T 100.9 +1.1 18.47+0.46 13497 PO.0000e .48 96.00+1.6% 17.57:2.7%
AVE = 13543:0.7%
January 1981 Data 0.738 + 0.9%
1/41 342.9 2.1 107.9 +1.83 13864 338.8 *1.4% 100.7 +2.2%
121 189.8 +1.9 44.36+0.67 13700 187.5 +1.6% 43.83:2.0%
/47 99.34:0.81 18.32+0.3) 13596 10.1202 1.3% 98.16+1.5% 18.1042.1%
VB 27.1420.31 4.39:+0.12] AVE = 1372041.0% 26.82+1.8% 4.38+2.1%
October 1981 Data 0.778 + 0.9%
1741 351.1 3.0 103.8 +3.8 | AVE = 13280+0.8%  [10.48kN+ 1 % 335.0 +1.9% 99.0 +3.6%
“%As derived by A. Fabry in Ref. [1) for 1979 to January 1981,; as derived by NBS after that. See Section 1.2 of

this report.
**.0.5% is the precision of this determination; *4% is the actual uncertainty on the absolute power level.



TABLE 2.3.5
EXAMINATION OF THE REPRODUCIBILITY OF NORMALIZED NBS DUAL FISSION CHAMBER

4/12 SSC DATA FROM MEASUREMENTS ON FOUR DIFFERENT DATES
(Data* have been normalized to 10.00 kW PCA power level)

Counting Rates Relative

Observed Counting Rates to Averages**
PCA Position = 1/4 T
Sept. 79 338.9 + 1.7 % 99.62 + 2.0 ¥ 1.004 0.998
Nov. 80 336.7 + 1.4 % 99.81 + 2.2 % 0.998 1.000
Jan. 81 338.8 + 1.4 % 100.7 £ 2.2% 1.004 1.009
Oct. 81 335.0 + 1.9% 99.0 ¢+ 3.6 * 0.998 0.992

1/4 T Averages** 337.4 : 0.81% 99.78 =+ 0.85%

PCA Position = 1/2 T
Sept. 79 185.8 ¢ 2.2 % 42.86 ¢+ 2.2 ¥ 0.998 0.99%
Nov. 80 185.0 ¢ 1.5 % 42,72 + 2.3 % 0.99 0.990
Jan. 81 187.5 + 1.6 % 43.83 + 2.0 % 1.008 1.016
1/2 T Averages 186.1 =+ 1.0 % 43,14 + 1.6 %

PCA Position = 3/4 T
Sept. 79 98,72 + 2.4 % 18.09 + 2.4 % 1.011 1.009
Nov. 80 96.00 £ 1.5 % 17.57 ¢+ 2.7 % 0.983 0.980
Jan, 81 98.16 ¢+ 1.5 % 18.10 £+ 2.1 % 1.005 1.010

3/4 T Averages 97.63 + 1.1 % 17.92 ¢+ 2.0 %

*The data recorded are DT- and ETZ-Corrected counting rates rates normalized
to 10 kW power for 237Np and ?7°U deposits back-to-back in the NBS fission
chamber.

**_ inear averages of three or four values. ***
w»**Normalized void box data are still: 237Np = 26,82 + 1.8%

238y = 4,34 ¢ 2.1%
The 4.1% absolute power uncertainty has not yet been included. .
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TABLE 2.3.6

UPDATED* FISSION EQUIVALENT FLUENCE RATES AND FISSION RATES
AS DEDUCED FROM NBS FISSION CHAMBER MEASUREMENTS IN PCA 8/7 AND 12/13 CONFIGURATIONS

Observedw* Fission Ratio*** of Covvectod Besnits
ETZ and DT Equiv. Flux| Fission/s | Fission Rate | Photo~ Fiss Rate | Fiss Equiv. Flux¥ikk
Conf. PCA Corrected | Foil | per Nucleus | per Nucleus | to Fission | fission per Nucleus per Nucleus
Pos. Fission 1.D. | per Neutron | per Neutron| Equiv. Flux | Correct. per Neutron per Neutr-n
Response (x 108) | (x 1033) (Barns) (x 1033) (x 108)
al M/4 T} 375, 22.22) % 58.1 779. 1.341 0.99% 774. $7.9 5.5
/2 T) 208, :2.28) % 32.3 432. 1.337 0.997 431. 52.2 23.5%
o 13sTiide. 22.22] 2 17.0 228, 1.341 0.992 226, 16.9 *5.62
"~ ~
© p-
1/6 T| 130. +2.22}| [} 34.2 105. 0.307 0.977 103. 33.4 *+6.7%
o | 1/2T] 56.7 £2.52 é 14.9 45.8 0.307 0.985 45.1 14.7 *6.7%
o 3/6 T§ 23.3 :2.5%| B 6.19 19.90 0.307 0.949 18.0 5.87 +7.22
~
al /6 T| 60.5 £2.32| % 9.38 126. 1.343 0.990 125. 9.29 +5.5%
/2 T) 34.0122.52) 9 5.26 70.4 1.338 0.996 70.1 5.26 t5.7%
ale 136T) 12.8 22.98) 2.76 36.9 1.337 0.993 36.6 2.74 t5.82
— L]
~
—t o~
1/6 T| 24.1 $2.5%2 2 6.33 19.4 0.306 0.964 18.7 6.11 +6.92
| 1/2T}] 10.6 *2.62 2.78 8.54 0.307 0.981 8.38 2.73 +6.82
=~ |36 4.40:2.72 é 1.16 3.55 0.306 0.962 3.41 1.1227.1%
~

*Values published in (Mc81) are hereby revised to reflect new masses and cross sections (see text, Sec. 2.2.2).

**As given in Table 2.3.2 (Mc81).

**%Algebraic check to show internal consistency with new experimental cross sections since they are not involved in the
derivation of fission rates.

s***ncertainties do reflect #4.2% uncertainty on absolute power level determination. The do nct, however, reflect any
uncertainty associated with the possible bias between fission chamber and SSTR results.



fluxes, and (2) use of slightly different averaged raw data in deriving
the two quantities. The preferred final values are the fission equivalent
fluxes, which are the benchmark refereaced quantities. However, in view
of the nominal 2.5% precision of the data and the 4.2% uncertainty on
the power level adjustment, it is immaterial to any comparison with
calculation as to which are used. Furthermore, Sect. 2.6 identifies a
presently undefined but nearly constant, 10% difference between fission
chamber and SSTR measurements in steel. This difference exists for all
three PCA configurations, that is the 8/7, the 12/13 and the 4/12 SSC
configurations. Investigations to resolve the discrepancies are in
progress.

2.3.1.2 Flux Distributions in the 4/12 SSC Configurations

Table 2.3.7 and 2.3.8 present fission equivalent fluxes and fission

rates, respectively, for the 4/12 SSC configuration. As opposed to the
abbreviatea update format for Tabie 2.3.6, these tables give a detailed
account of the correction factors and multiplicative constants, and

their respective uncertainties, used to derive final results. The

calculated uncertainties, in the vicinity of 5.5%, are due in most part

to the 4.2% absolute power level uncertainty and relatively large corrections
for photofission in 238\ beyond the 1/2T positions in the PV simulator

block. More about photofission is discussed in Sect. 2.3.1.3.

The fission equivalent fluxes in the 4/12 SSC configuration are 14.5%
less for 237Np and 33% less for 238U than those in th2 &/7 configuration.
The larger difference in the 238U fluxes is a result uf the introduction
of additional inelastic scattering by the steel SSC in place of water.
However, as compared to the 12/13 PCA configuration where there is
almost a factor of two difference in the water thickness between the
core and the simulator block, the 4/12 SSC fission equivalent fluxes are
factors of 5.4 and 4.1 larger for 237Np and 238U, respectively.

As with the former PCA measurements (Mc@1), the larger volume NBS fission
chambers could not be used to measure n the water locations because of
flux perturbations introduced by voids when the NBS chambers are surrounded
by plexiglass for in-water measurements. Also no 235U fission rate
measurements were made with the NBS chamber in the 4/12 SSC configuration.*

2.3.1.3 Long-Term Reproducibiiity of Measurements

Up to this point, the fission chamber data have been used to derive
absolute fluence rate and fission rate information and Table 2.3.1
demonstrated the reproducibility of this kind of data between September
1979 and January 1981. Even more impressive, however, are the data of

*A number of bare and cadmium-covered 235 fission rate measurements are
reported in Sect. 4.5.4 for the miniature volume CEN/SCK fission chambers.
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TABLE 2.3.7

FISSION EQUIVALENT FLUXES FOR 4/12 SSC PCA CONFIGURATION BASED UPON
REVISED MASSES AND NEW CROSS-SECTION VALUES

Observed Corr. for Weltiplier Constants Corrected
PCA ETZ and DT Fission Calibration| 252:¢ | 10 kW to Net#* 235y Photofission $eq Flux
Conf. Pos Corrected in Other Const, per Core | Multiplier ‘na Corrections per Nucleus
Fiss. Rate Isotopes (Benchmark) 235y Neutron per Neutron
1/6 T| 337.4+0.812% 0.9978 5.098x10"7 0.9960%0, 22 5.08x10"7
+5.12
oo
& ° 3 e T
1/2 17| 186.1:1.02 0.9976 | S = 3 a S ae 2.812x10"7 0.9980%0.12 2.81x10"7
i o e - . ) . 25.2%
= x w 4 o - e xwn
...ﬂ " vy 7“ L] + \lw _0 Qu -
N 13/6 1) 97.63:1.12 0.9976 | © a9 v 8w o 1.475x10°7 0.9980+0.12 1.47x1077
o M el b 4 « 2 # . +5,.22
n — Ll Gl > -
. Ll B ] wy
o ~ = - wl
- VB 26.82+1,82 0,9972 e = 0.405x10 0.9900%0, 5% 4.01x10
«n % +5,.82
™~ 1 »
— o "
-~ —
- o = -7 -7
1/4 T| 99.78+0.852 0.9995 |, ~ . 2.557x10 0.9794¢1.22 2.50x10
[=3 - o - +5.1%
< s ul® 15l %
1/2 7| 43.1441.62 0.9996 |© o 2 9l |al o 1.106x10"7 0.9872¢1.02 1.09x10"7
+ g o ™ 2 ot £5.2%
BU % u + " + ™+
Q |34 1| 17.92:2.02 0.9996 |3 o oo ° 0.459x10"7 0.9740+2.0% 4.47x1078
. ~lo . +5.4%
o ™M™ o~
VB 4.3442.12 0.9993 0.111x10"7 0.9208%4, 3% 1.02x10-8
+5.82

*See Reference 10.

**FOR EXAMPLE:

0.9976 x 1.125 x 10 x 1.0164 x 1.3245

*#*x235y figsion equivalent flux.

x 10715 = 1,511 x 1079,
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TABLE 2.3.8

FISSION REACTION RATES FROM OBSERVED FISSIONS AND CONCENSUS MASSES

BASED UPON REVISED MASS SCALE AND NEW CROSS-SECTION VALUES*

Observed Corr. for Foil ID Corrected
L PCA ETZ and DT Fission Mass (ug) | Frag | Neutrons Fiss/s Fiss/s
Conf Pos Corrected in Other and Abs per Multi, per Nucleus Photofission per Nucleus
Fiss. Rate Isotopes Nuclei Cor -. 10.0 kW | Fact.** | per Neutron Corrections | per Neutron¥*
1/47| 337.4%0.81% 0.9978 6.826x10"31 0.99601%0, 22 67.99x10732
-~ .72 4 .43
w ™ ™
"~ B - ™ -31 -32
o| 121 186.1%1.0% 0.9976 | o e o 2 o 3.765x10 0.9980%0.12 37.57x10
< ~l & .~ : ~ — ve +1.82 %, 5%
™~ n L o wy
™ o o~ H » + -~y o -
o~ - I © Cal ) ~-
3/4T| 97.63%1.12 0.9976 [°| 25 A4 = 3 @ 1.975x10"31 0.9980+0.12 19.71x10732
me @ S ot o +1.9% 4 .52
O - o~
A -32 -32
Q VB 26.82+1.82 0.9972 " 5.426x10 0.990010.5% 5.37x10
@ ~ £2.3% +4.7%
o~ ]
-
~ =
" a ~32 :9-32
1/4T | 99.78+0.85% 0.9995 - 7.845x10 0.9794%1.22 7.683xi0
- o # 2 +1,82 +4.6%
"~ o o 1
Ny O o -4 o
1/2T| 43.14:1.62 0.999 | | Lo ™ = S ~ ot 3.392x10732 0.9872+1.0% 3.349x10732
& a éé' % b i ® £2.3% 4,82
™ o -« @ @ o~ o+
o~ - R el wy O
3/4T| 17.92:2.0% 0.9996 |©| ~g ~ | © " ® 1.409x10732 0.9852+0.8% 1.388x10732
- - .~ ~ +2.6% +4.9%
VB 4.3422.1% 0.9993 3.412x10733 0.9208%4,32 0.314x10732
+2.6% +6.5%

*See Reference 10.

**FOR EXAMPLE:

0.9976 x 1.0145

6.625 x 1017 x 7,55 x 1014
***[t appears that the values in this table should be increased by 1.0035

effects.

= 2.023 x 10733,

for 237lp and 1.0070 for 238y to account for scattering




Table 2.3.9 which provide an additional measure of reproducibility of
data for.the ratios of spectral index measurements among all of the
configurations studied (i.e., 8/7, 12/13, 4/9, 4/12 and 4/12 SSC).

Note, maximum-to-minimum ratios in all cases are less than 1.2%. It
should also be noted that the data in Table 2.3.9 have not been corrected
for photofission. When this correction is made, there is at least a
factor of two greater spread in the data. This may be due to the fact
that the photofission corrections,which are calculated, are only significant
towards the back of the PV simulator block, i.e., at the 3/4T position.
The calculations are, however, very sensitive to modeling of the void

box and relatively small calculational errors can effect the spectral
index ratios.

Table 2.3.10 also shows highly reproducible, relalive measurements among
the 1/4T, 1/2T and 3/4T in-steel locations for all of the various PCA PV
simulator configurations. Since the simulator block remained the same

for the different water thicknesses, the relative flux gradient through
the block is independent of the water gap thicknesses and this is clearly
seen from the data in Table 2.3.10. The attenuation is seen to follow a
straight exponential rule with attenuation rates for 238U(n,f) of 0.160/cm
and 2°7Np(n,f) 0.116/cm.
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TABLE 2.35.9

COMPARISON OF DOUBLE RATIOS* OF 237np/238y SpECTRAL
INDEX RESPONSE AMONG THE VARIOUS PCA CONFIGURATIONS

4/12 SSC : 8/7 4/12 SSC : 12/13

et 23810 168 e r 2381,
2.895 2.526

1721 £33 41110 1727 3313,
3.689 3.210

361 2381 . 417 sy 2881,
4.038 4.057

Avg = 1.171 £ 0,002 Avg =

Max/Min = 1,005 Max/Min =

4/12 SSC : 4/9 8/7 : 12/13

a1 2382 g /s 7 2:883,
2.840 2.526

/21 2313 2 184 g p 3:888,
3.645 3.210

36T 22381 . 187 e ¢ 838,
4.590 4,057

Avg = 1.187 * 0.002 Avg =

Max/Min = 1,006 Max/Min =

8/7 : 4/9 4/9 + 12/13

AT L8 .\ ais 4 p 2:840
2.840 2.526

iz 3898 .4 012 yar 802,
3.645 3.210

361 22838 0001 3/6 7 22390
4.590 4.057

Avg = 1,014 + 0,003 Avg =

Max/Min = 1,008 Max/Min =

*Data are the ratios of DT- and ETZ-corrected observed fission
2374p/238y, These are essential raw data and, in particular,
corrected for photofission.
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1.338

1.344

1.343

1.342 + 0.002

1.004

I+

1.146

1.149

1.143

1.146 + 0.002
1.005

1.124

1.136

1.131

1.130 + 0.003
1.011

count rates for ‘

have not been
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TABLE 2.3.10

COMPARTISON OF RELATIVE FAST FLUX GRADIENTS WITHIN THE PVS
FOR VARIOUS CONFIGURATIONS OF THE PCA-PRV FACILITY

Normalized* Results for:

PCA-RPV 2375p Fission 238y Figsion

Configuration 1/4 T /2T 3/4 T 1/4 T 1/2 1 3/4 T
12/13 1.617 0.908 0.475 1.851 0.813 0.336

8/7 1.622 0.902 0.475 1.856 0.808 0.337

8/12 1.636 0.896 0.467 1.862 0.811 0.232

4/9 1.628 0.913 0.481 1.845 0.807 0.338

9/79 4/12 ssc 1.631 0.894 0.475 1.861 0.801 0.338
11/80 4/12 ssc 1.635 0.898 0.466 1.870 0.800 0.329
1/81 4/12 ssc 1.628 0.901 0.472 1.857 0.809 0.33
Average: 1.628 0.902 0.473 1.857 0.807 0.335
[——mu' ;)2]1/2 £0.007  $0.007  +0.005 £0.008  +0.005  +0.003

Deviation in
Percent: +0.432 +0.782 +1.082 +0.432 +0.622 +1.027%

*Normalization achieved by dividing fission equivalent fluxes measured with the NBS
chamber by the average fission flux for all three positions (i.e., the 1/4 T, 1/2 T, and
3/4 T positions).



2.4 RADIOMETRIC MEASUREMENTS
L. S. Kellogg (HEDL) and A. Fabry (CEN/SCK)

2.4.1 Introduction and Summary

The previous report in this series (Fa8la) contained the results of radio-
metric measurements performed in the PCA 8/7 and 12/13 configurations up to
Spring 1980. Additional radiometric measurements made or reported subse-
quent to the last report for the 8/7, 12/13, and 4/12 SSC configurations are
reported here, along with the previously reported data.

The reactions and experimental techniques used have been reported previously
(Fa8la). The PCA specifications are those reported by Kam (Kag8la). Indi-
vidual runs were normalized using run-to-run monitoring as detailed in
Section 1.2. The comments relative to the continuity in reporting PCA
experimental data and uncertainties that were made in Fa8la may also be
applied to these measurements.

Solked Experimental Methods

The experimental methods employed in the present measurements are identical
to those reported in Fa8la with the exception of the radiometric counting
equipment. HEDL radiometric foils were counted using the new ORNL counting
equipment. This equipment is identical in design to the CEN/SCK transporta-
ble Nal(Tl) spectrometers described in Fa8la.

ks Experimental Results, Uncertainties, and Uiscussion

The experimental results listed in Tables 2.4.]1 to 2.4.4 are given in units
of equivalent fission flux at a measured PCA core power of 9.75 kW for the
PCA geometrical specifications valid after June 1979 (Ka8la). Included

for comparison are the previously reported PCA 8/7 and 12/13 configuration
results (Fa8la). The In, Al, and Ni foils used in the present measurements
have been benchmark referenced. The Rh has been benchmarked in a secondary
manner by counting the same foil on both the CEN/SCK and ORNL systems. In
all cases, the agreement between present measurements and the previously
reported measurements is consistent with the reported uncertainties. The
means of replicate radiometric measurements and the standard deviations of
these means are reported in Table 2.4.1 through 2.4.4. With few exceptions,
the standard deviation of the mean (expressed as percent) is in the range of
1% to 3%.
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2.4.4 Recommended Radiometric Equivalent Fission Flux per PCA Core
Neutron

Individual fission flux values at power, as listed in Table 2.4.1 through
2.4.4, have been averaged, converted to equivalent fission flux per unit
core neutron source, using the relationship ¢ source = (of at power X/X)

x 1.314 E-14, and tabulated in Table 2.4.5. {he ?9?3 data, which included
an additional position gradient correction (Mc81, Section 7.2), was weighted.
ATl other measurements were averaged directly. The conversion of the HEDL
reaction rate measurements during 1978, 1979 and 1980 to equivalent fission
flux values, with associated uncertainties; and the comparison to the
directly measured Mol and subsequent 1981 HEDL-measured equivalent fission
flux values has been discussed thoroughly in Fa8la.

2.4.5 Interconfiguration Consistency

Confirmation that attenuation in the PVS block appears to be independent of
the configuration, first noted in Mc81b, is further substantiated by the
data in Table 2.4.6. At the same time and in a secondary manner, this also
tends to confirm the experimental and RM analytical consistency.

204"2
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TABLE 2.4.)
103n(n,n*) "™ EQUIVALENT FISSION FLUXES (cm2s™)
IN THE PCA BLIND TEST CONFIGURATIONS(?)
Midplane  v(P) o Ho!
Location (mm) HEDL 1981 1978 1979 1981
4/12 SSC Configuration
SSC 156 No measurements -- 3.994 £E+9 --
/4 T 305 taken for this - 3.319 E+8 -
127 357 configuration -- 1.825 E+8 --
8/7 Configuration
TSF (A1) 79.1 () (e) - -
PVF  (A3M) 197.0 (f) (e) - sl
174 T (A4)  295.0 3.513 E+8 3.500 E+8 3.481 £+8 -
12 T (AS)  346.6 1.907 E+8 1.910 E+8 (+1.5%) 1.88) E+8 b
3/1 I (A6) 401.2 9.721 E+7 9.57 E+7 (¥1.8%) 9.75 E+7 o
vB(f) (A7)  491.2 2.81 E+7 (#3%)  2.68 E+7 (RX)  2.79 E+7 (+1.4%)(c) .-
12/13 Configuration

TSF (A1) 119.8 4.139 E+9 (e) 4.078 E+9 --
IS8 (R) 238 -- -- - 4.55 E+8 (+1.1%)
PVF  (A3M) 297.1 1.495 E+8 (e) 1.510 E+8 1.474 £+8 (¥1.1%)
174 T (A4)  395.1 5.629 E+7 5.791 E+7 5.613 E+7 .-
12 T (AS)  446.7 3.31 E+7 (#4.3%) 3.25 E+7 (_SY) - o
3/ I(A&) 501.3 1.64 E+7 (¥5%) - o
va(f) (A7)  591.3 4.899 E+6 (+5.3%) -- -- --

taat peak vertical flux on the centerline of experimental channels and for a cor2 power of 9.75-kW,
geometry of configurations after June 1979 (Mc81, Section 8.1).
(b)pistance to the inner face of core aluminum window.
C)Experi-nntal precision indicated within parentheses when >1%.
d)Original data multiplied by corrections gathered in Mc81, Table 7.2.1.
€)Measurements affected by instrumental neutron field perturbations.
f)Data highly questionable due to rod drops and to reduced power operation during irradiation.
(9)uncertainties on the order of +3% can be induced by vertical positioning difficulties.
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TABLE 2.4.2

Sm I

5 ntn,n') ™10 EQUIVALENT FISSION FLUXES (cw™2s™
IN THE PCA BLIND TEST CONF IGURATTONS'®)

)

; (v) HEDL Mol
:tdolm Y —1dy —1a)
ocation () 1978 1979 1981 1978 1979 1981
4/12 SSC Configuration

SSC 156 No measurements taken for this configuration -- 2.887 E+9 -

AT 305 v 2.239 £+8 -

2T 357 e 1.070 €48 I

8/7 Configuration

ISE (A1) 79.) (e) o ¥ (e) - 9.249 E+9 (#2.5%)
P (M) 197.0 (e) - 7.822 £+8 (e) - -

VAT (M) 295.0 2.827 E+8 2.51S £+8 - 2.490 €48 (+1.7%) 2.531 £+8 -

12 T(AS) 346.6 1.179 E+8 (.19 E+8 o 1.167 £+8 (+1.8%) 1.207 £+8 (#2.5%)(¢) -
4T (A) 012 5205 €47  5.27) €47 5.387 €47 5.1 E97 (+7%)  5.457 €47 5
w @ @2 L3sEw 13% 0 o 1.25 E47 (+1.6%) - 0

12/13 Configuration

TSE (A1) 119.8 (e)  4.084 €49'9) 4. 078 £+9 (e) 4.129 £49 4.131 49 (+1.8%)
18 (R) 238 - - e v = 4.463 E+8 (+1.1%)

Foo(Am) 2971 te) a9 ea'® 1w s (e) 1.466 €48 1.465 E+8 (+1.1%)
VAT (A0)  395.) - 4.350 E47  4.388 £+7 4.293 €47 (1.54%)  4.359 £+7 <

12 T (AS)  446.7 - 2.07 47 2.060 €+ 1.994 E+7 (12%) - A
/AT (A6)  501.3 - - 8.90 E+6 (+3.4%) B.62 E+6 (+3%) - i
wf an saa - - 2.6 E+6 (+4%) o - e

(a)ar peak vertical flux on the centerline of experimental channels and for a core power of 9.75-kW, geometry of configurations
after June 1979 (Mc8), Section 8.1).

(b)pistance to the inner face of core aluminum window.

(c)experimental precision indicated within parentheses when >1%.

(¢)original data multiplied by corrections gathered in Mc81, Table 7.2.1.

(e)measurements affected by instrumental neutron field perturbations.

(flyncertainties on the order of +3% can be induced by vertical positioning difficulties.

(9)gun-to-run normalization monitor results are somewhat questionable for this particular irradiation.




TABLE 2.4.3

58yi(n,p)°8Co EQUIVALENT FISSION FLUXES (mzs")
IN THE PCA BLIND TEST CONFIGURATIONS

Midplane  v(0) (dTHEDL - Mol
Location (mm) 1978 1979 1978 1979 1981
4/12 SSC Configuration
SSC 156 No measurements taken - 1.942 E+9 .-
1/4 7 305 for this configuration - 1.286 E+8 .-
1721 357 e 5.172 E+7 .o
8/7 Configuration
TSF (A1) 79.1 (e) - (e) - 9.279 E+9
PVF  (A3M) 197.0 (e) . (e) .o Lo
174 T (A4) 295.0 1.825 E+8 1.828 E+8 1.790 E+8 1.764 E+8 -
1/2 T (AS) 346.6 7.170 E+7 . 6.977 E+7 . .o
3/4 1 (A6)  401.2 2.622 E+7 . 2.536 E+7 . .-
w'f) (a7) 4912 6.35 E+6l9 - i - -
12/13 Configuration
TSF (A1) 119.8 (e) . (e) 4.246 E+9 4,293 E+9
IS8  (A2) 238 . .- .- -- 4.55) E+8
PVF  (AM) 297.) (e) . (e) 1.684 E+8 1.70] E+8
178 T (A8)  395.1  3.910 E+7 o 3.851 £+7 (+1.5%)¢) 3,801 €7 "
1/2 T (A5)  446.7 e e 1.526 E+7 (+1.5%) .o o
3/4 T (A6) 501.3 - .- 5.414 E+6 (+2%) .- --
velf) (a7)  s91.3 - o . a .

(e)at peak vertical flux on the centerline of experimental channels and for a core power of
9,75-kW geometry of configurations after June 1979 (Mc81, Sec. 8.1).

(b)pistance to the inner face of core aluminum window.

C)Experimental precision indicated within parentheses when >1%.

(d)griginal data multiplied by corrections gathered in Mc81, Table 7.2.1.

(e )Measurements affected by instrumental neutron field perturbations.

f)uncertainties on the order of +3% can be induced by vertical positioning difficulties.

(9)perived from traverse data in unmonitored run in 1978,

2.4-5



v'2

TABLE 2.4.4

2721(n,a)°Na EQUIVALENT FISSION FLUXES (w}zs'])

IN THE PCA BLIND TEST CONFIGURATIONS

L p— HEDL ol
Location _(wm) 1978 1979 1981 ___9n'? 1979 1961

4/ SSC Configuration

SSC 156 No measurements taken for this - 2.129 E+9 .-
e T 305 configurat jon -- 1.798 E+8 -
2 357 -- 1.613 E+8 -

8/7 Configuration

ISE (A1) 79.1 (e) s - (e) - 1.096 £410 (#2.1%)
W (M) 197.0 te) - 1200 €99 (2.4) () ; o
VA T (A8)  295.0 2.6 E+8  2.564 E+8 - 2.638 £+8 2.820 €48 -
V2 T (AS)  346.6 1.018 £+8 1.026 Evs - 1.0 €48 - b
VAT (A6) 4012 3.865 £+7  3.838 £+7 - 3.840 €47 - -
w' an e - 1.1R E97 - 1.016 £+7 (+108)  1.134 E+7 (s97)(¢) -

/13 Configuration

ISF () 119.8 - ot 5.2 £+ (+3%) ‘@) 5.796 €49 5.788 E+41 (+1.1%)
18 (R) 238 i~ B * - -~ 7.541 E+1 (+1.1%)
PWF  (AIW)  297.) - v - (e) 3.3 E+8 3.247 €41 (+1.1%)
Ve T (A8)  395.) - - 7.461 E+7 7.0 €+7 (2%)  7.383 €47 (%) o
M2 T (AS)  446.7 - - - 3.078 €47 (2%) - bl
34T (A6) 5013 =0 - 1.193 E+7 (53%)  1.154 E+7 (R2%) v e
w' w) s . - LR Feh (+5.6%) . - P

{#)at peak vertical flux on the centerlin~ of experimental channels and for a core power of 9.75 ki, geometry of configu-
rations after June 1979 (Mc81, Sectior 8.1).

(blpistance to the inner face of core aluminum window.

(C)gaperimental precision indicated within parentheses when >1%.

(2)original data multiplied by corrections gathered in Mc81, Table 7.2.1.

(e)measurements affected by instrumental neutron field perturbations.

{fluncertainties on the ord - of +3% can be induced by vertical positioning difficulties.




INTERLABORATORY RECOMMENDEC RESULTS FOR RADI
OF EQUIVALENT FISSION FLUXES

gﬁiv!lmt Fissfon Fluxes [per unit PCA %ireﬁnrgn Source (cm%)]'¢)
h(n,n') In(n,n') i(n.p) 17“ (n,a)

TABLE 2.4.5

aE)TR IC MEASUREMENTS

Core Center Configuration

4/12 SSC Configuration

(d)

3.89 E-6 (1.3%)
3.02 €-7 (1.2%)
1.44 E-7 (1.3%)

8/7 Confiﬂntlon

1.25 £-5 (#2.5%)
1.03 E-6 (+3%)

3.39 £-7 (%0.7%)
1.60 E-7 (+1,8%)
7.12 £-8 (#2.6%)
1.82 £-8 (#2.7%)

12/13 Configuration

Midplane  v(®)

Location (mm)

CC  (A0) -205.7 (d)

SSC  (A2) 156 5.42 £-6 (+1.8%)
1/4 T (A4) 305 4.5) €-7 (20.7%)
1/2 T (AS) 387 2.48 E-7 (#1.0%)
TSF (A1) 79.) (d)

PVF  (A3M) 197.0 .-

178 T (A4)  295.0 4.71 E-7 (%0.5%)
1/2 T (AS)  346.6 2.56 E-7 (+0.8%)
3/4 T (A6)  401.2 1.30 E-7 (#1.2%)
VB (A7)  491.2 3.72 E-8 (#2.6%)
TSF (A1) 119.8  5.54 -6 (+1.0%)
S8 (A2) 238 6.13 E-7 (21.5%)
PVF  (A3M) 297.1  2.02 E-7 (#1.5%)
174 T (A8)  395.1 7.66 E-8 (+1.6%)
1/2 T (AS)  446.7 4.42 E-8 (#).4%)
3/ T (A6)  501.3 2.2) E-8 (#5.0%)
VB (A7)  591.3  6.60 E-9 (#5.3%)

5.53 E~6 (#1.3%)
6.01 E-7 (+2.0%)
1.95 £-7 (+1.7%)
5.86 E-8 ($0.9%)
2.75 E-8 (#2.0%)
1.18 E-8 (#2.3%)
3.40 £-9 (#4.0%)

2.21 E-4 (40.5%)

2.64 E<6 (+1.2%)
1.75 E-7 (#1.7%)
7.08 E-8 ($2.2%)

1,26 E-5 (#1.3%)
2.44 £-7 (#).28)
9.58 -8 (+1.9%)
3.49 £-8 ($2.4%)
8.56 £-9 (+3.0%)

5.81 -6 (0.8%)
6.19 E-7 (+2.0%)
2.30 E-7 (40.8%)
5.25 E-8 (+1.0%)
2.08 E-8 (+1.6%)
7.37 €-9 (#2.1%)

-

2.14 £-4 (#1%)

2.87 €-6 (50.8%)
2.42 £-7 (40.8%)
9062 E.a (:‘.3‘)

1.48 E-5 (#2.0%)
3.52 E-7 (#1 2%)
1,39 E-7 (#1.7%)
5.19 £-8 (#0.8%)
1.47 €8 (#0.7%)

7.77 E+6 (20.8%)
1.01 E<6 (+0.6%)
4.45 -7 (#2.1%)
1,01 E-7 ($2.2%)
1.58 £-8 (#2.3%)
6.06 E-9 (+5.6%)

o

(8)uncertainties estimates are based on experimental precision only, as defined in Mc81,

Section 2.4.4; overall combined uncertainties are

Tables 2.4.8 and 2.4.9).

b)oistance to inner face of core aluminum simulator (or window).
€JA1] Mo) nickel data were increased by 1.0% when deriving weighted best values by combination
with HEDL data or whenever MEDL data were not available; this introduces a 1% difference when
compared to all the nicke! tabulations of Mc8), Section 7.2,
Measurenents are available, but analyses or evaluations are still in progress.

(d)
(e)

Interpoiated values.

2.4-7

+6% for a precision of +1% (see Mc8l,



INTERCONF IGURATION EQUIVALENT FISSION FLUX RATIOS

Location Rh

TABLE 2.4.6

In

Ni

Al

(4/12 Configuration)/(8/7 Configuration)

174 1 0.9575 (+0.9%)*

172 7 0.9687 (+1.3%)

0.8909 (+1.4%)
0.9000 (+1.7%)

0.7119 (+2.1%)
0.7314 (+2.4%)

0.6875 (+1.4%)
0.6921 (+2.1%)

Average 0.9631 (+0.8%)**

0.8955 (+0.7%)

0.7216 (+1.9%)

(8/7 Configuration)/(12/13 Configuration)

1/4 1 6.1488 (+1.7%)
12 1 5.7918 (+1.6%)
3/4 1 5.8824 (+5.1%)

5.7850 (+1.7%)
5.8182 (+1.1%)
6.0339 (+3.5%)

4.6641 (+2.1%)
4.6262 (+2.8%)
4.7671 (+3.7%)

Average 5.9410 (+2.2%)

5.8790 (+1.6%)

4.6856 (+1.1%)

0.6898 (+0.5%)

3.8851 (+2.8%)
3.3902 (+2.4%)
3.2848 (+5.6%)
3.3867 (+2.1%)

*The uncertainty of the fission flux ratios was obtained by combining the
uncertainties of the reaction rates in quadrature.
**The uncertainty of the average is the standard deviation of the mean of

the ratios averaged.

2.4-8
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25 SOLID STATE TRACK RECORDER MEASUREMENTS
F. H. Ruddy, J. H. Roberts, Raymond Gold and C. C. Preston (HEDL)

Initial fission rate measurements using >olid State Track Recorders (SSTRs)
were reported for the PCA 8/7 and 12/13 configurations in the preceding
document in this series (Mc81). Additional measurements, which have been
carried out in the 8/7, 12/13, and 4/12 SSC configurations, are summarized
in Table 2.5.1. The experimental details of these measurements are identi-
cal to those in (Ru81). Subsequent to the reporting of the initial SS5TR
fission rate measurements, the optical efficiency for fission tracks in mica
has been remeasured. The newer value (0.9875 ¢ 0.0085) tracks/fission has
been used for the more recent measurements. All previous measurements must
be corrected to correspond to the newer optical efficiency values when com-
parisons are made with the more recent data.

2.5.1 PCA 12/13 Configuration

In November 1981, fission rates were msasured for all seven radial locations
s imultaneously in separate runs for 23/Np and 2 38y. These data represent
the only PCA radial traverses where relative fission rates can be obtained
without power normalization uncertainties for th seven rsgéal locations.
The SSTR fission rates measured in the PCA for ¢ Np and U are listed as
a function of radial position for the 12/13 §9nflgurat10n in Table 2. 5258
These data are plotted in Figure 2.5.1 for 23/Np and Figure 2.5.2 for u.
These fission rates display the pseudologarithmic decrease as a function of
distance within the P!% block that is characteristic of threshold reactions.
The departure of the Np fission rates in Figure 2.5.1 from linearity in
the water locations is due to contributions to the fission r9te from sub-
threshold fission. The cross section for neutron-induced 2 Np fission
shows resonances in the epithermal energy range, and the relative number of
epithermal neutrons increases as the core is approached.

In the case of the 238y data plotted in Figure 2.5.2, a straiyht line with
a slope slightly less than the slope in the PVS is obtained in the water
positions. These lines intersect at ths gv> Ho0 boun ary. The contribu-
tion to the measured fission rate from U in the ¢ foils is appre-
ciable in the water positions. A 14.6% correction was required in the PVF
position, and a 30% correction was required at the TSB location. The ther-
ggé fission correction resulted in an overall uncertainty of 15% for the T8
U fission rate. Although this point has been plotted in Figure 2.5.2, it
has been omitted from Table 2.5.2 because of its large uncertainty.

In the TS5F ggsition. the 238y fission rate could not b’ gCCurately measured
even with U deposits containing as little as 6 ppm U due to the
extremely high thermal-to-fast-neutron ratio at this location. The relative
uncertainties (l¢) have been obtained by combining the sources of error
tabulated in (Ru8l) in quadrature. Uncertainties in power normalization do

205“
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TABLE 2.5.1
SCHEDULE OF PCA SOLID STATE TRACK RECORDER MEASUREMENTS

Nﬁgger Date Configuration Isotope Positions*

PCA37  01/14/8) 4/12 SSC 237Np  SSC (+75 mm, MP, -75 mm), 1/4 T (+150 mm, MP, -130 mm),
172 T (W)

PCA38  01/14/81 4/12 SSC 238y SSC (+75 mm, MP, -75 mm), 1/4 T (475 mm, MP, -75 mm),
1/2 T (W), 3/4 T (W)

PCA39  10/15/81 8/7 238y 1/4 T, 1/2 T, 3/4 T, VB (all ™P)

PCAG0  10/15/8] 8/7 2378p 1/4 T, 1/2 T, 3/4 T, \3 (all MP)

PCA42  10/16/81  12/13 238y 174 T, 1/2 T, 3/4 T, VB (all mP)

PCA43  10/16/81  12/13 2378p 174 T, 1/2 T, 3/4 T, VB (al] WP)

PCAS1  11/18/81  12/13 238y TSF, TSB, PVF, 1/4 T, 1/2 T, 3/4 T, VB (a1l MP)

PCAS2  11/18/81  12/13 237np  TSF, TSB, PVF, 1/4 T, 1/2 T, 3/84 T, VB (a1l MP)

PCAS3  11/19/81  12/13 235y TSF, TSB, PVF, 1/8 T, 1/2 T, 3/4 T, VB (all MP)

PCAS4  11/19/81  12/13 238y TSF, TSB, PVF (all +75 mm, MP, -75 mm)

*1/4 T, 1/2 7 and 3/4 T refer to depths in a PVS of total thickness T. The other acronyms are
defined as follows: Simulated Surveillance Capsule (SSC), Thermal Shield Front (TSF), Thermal
Shield Back (TSB), Pressure Vessel Front (PVF), Void Box (VB), and Mid-Plane (MP),




TABLE 2.5.2

SSTR FISSION RATES MEASURED IN THE PCA 12/13 CONFIGURATION

Distance Fission Rate**
from (fissions per atom per core neutron)

L_O_C_dthn_ Core (cm)* 737?\0 238 e

- 3()
10~30

7.90 x (£3.3%)

7.47 )71 (£3.3%)

3.19 x 10777 (£3.3%)  6.48 x 1073 (#4.1%)

(£3.6%) .7 32 (32.7%)

($¢5.4%) 7.50 =33 (32.7%)

(£3.3%) 3.2 0777 (#2.7%)

VB 59.1 9.70 x 10 77 (£3.4%) 9.70C )T (£2.7%)

*Distance from inner face of core aluminum simulator (or window).
**A11 SSTR fission rates were calculated using the newly measurea

value for the mica optical efficiency (0.9875 + 0.0085) tracks/
fission.

w3
e

FISSION RATE (FICSIONS/ATOM/CORE NEUTRON)

o T N T A TR ——

Q 0 b 0 0 50 ] 0 80
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~ i . " 17 .
‘ FIGURE 2.5.1. Radial Fission Rate Distribution for 2/Np in the PCA 12/13

Configuration.
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FIGUKE 2.5.2. Radial Fission Rate Distribution for 238U in the PCA 12/13
Configuration.

not enter into ths galculgtion of the relative uncertainties, since a single
run was used for 238y or 237Np. To obtain the absolute uncertainties

from the relative uncertainties of Table 2.5.2, the 4.1% uncertainty in the
absolute power normalization must be combined in quadrature with the tabula-
ted values. The absolute uncertainties in these data are generally 5% (1 o)
or less.

Note that the November 1981 SSTR fission rates for 237Np were 15% lower
than the SSTR fission rates measured in October 1978, which are tabulated in
(RuB81). This difference must be due to a mispositioning of the PCA 12/13
configuration during the earlier measurements, as a 15% error is far too
%3gge to b ccounted for by any other experimental error. Additional

Np and U 12/13 fission rates are available from the October 1981 runs,
and these data are contained in Table 2.5.3. The fission rates measured in
Ncvember 1981 and the ratios of the fission rates are shown for comparison,
In general, the agreement between the two sets of data is excellent, indi-
cating that the measurements are reproducible within the quoted experimental
uncertainties.

2.5-4



TABLE 2.5.3
RATIOS OF DUPLICATE PCA 12/13 SSTR FISSION RATE MEASUREMENTS

Fission Rate
[(fissions per atom per core neutron) x 1033]

Isotope Location ~October 1981 November 1987  Uct 198T/Nov 1981

iy 18T 174 (£2.7%) 1.5 (22.7%)  0.992 (£3.6%)
12T 7.84 (22.7%)  7.50 (22.7%)  0.992 (3.6%)
38T 3.24 (22.7%)  3.23 (22.7%)  1.01 (23.6%)

V8 0.970 (£2.7%)  0.970 (22.7%) 1.00 (23.6%)
237\ 16 T 116.0 (£3.3%) 118.0 (£3.6%)  0.983 (24.7%)
38T  32.3 (23.3%)  33.2 (£3.3%)  0.970 (24.5%)

V8 9.79 (£3.3%)  9.70 (£3.4%)  1.01 (24.6%)

Average 0.994 (t1.45%)

2.5.2 PCA 8/7 Configuration

Additional 237Np and €38y fission rates were measured during Octover 1981,
Unfortunately, malfunctioning electronic eaquipment associated with the run-
to-run monitor resulted in loss of the PCA power information. New absolute
fission rates are, therefore, not available; however, the relative fission
rates are useful and are referred to in Section 2.5.4.

2.5.3  PCA 4/12 SSC Configuration

237”9 and 238y fission rates were measured in the SSC, 174 T, 1/2 T and 3/4 7
locations in the PCA 4/12 SSC configuration during January 1981. These data
are summarized in Tables 2.5.4 and 2.5.5. The relative fission rates are
plotted as a function of axial location in Figure 2.5.3. All data were
normalized to the midplane location. The solid line plotted for comparison
is the result of Mol fission chamber traverses (Mc81b). The agreement of
the relative SSTR fission rates with the shape of the axial distribution
indicated by the fission chamber 15 consistent with the experimental uncer-
Ltainties of 53, data. Fission rates as a saaction of radial location are
plotted for Np in Figure 2.5.4 and for U in Figure 2.5.5. Data from
the 8/7 and 12/13 configurations are also plotted for comparison. Relative

2.9+5
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TABLE 2.5.4

PCA 237Np FISSION RATES

PCA Axial
Config- Location Fission Rate (fissions per atom per core neutron)
uration (mm) SSC Position T/2 T Position T/2 T Position
4/12 SSC +150 - 5.078 £-31 (+2.6%) -—
+75 8.162 E-30 (+2.6%) -—— ---
0 8.479 E-30 (22.6%) 6.254 E-31 (#2.6%) 3.435 E-31 (#2.6%)
-75 8.416 E-30 (22.6%) -—— -—
-130 —— 5.520 E-31 (#2.6%) -—-
TABLE 2.5.5
PCA 238y FISSION RATES
PCA Axial
Config- Location Fission Rate (fissions per atom per core neutron)
uration (mm) TSC Position 1748 7 Position 1/2 T Position 3/8 T Position
4/12 SSC +75 1.037 E-30 (+2.6%) 5.826 E-32 (+2.4%) - ——
0 1.147 £-30 (#2.6%) 6.596 E-32 (+2.4%) 2.993 E-32 (+2.4%) 1.292 E-32 (+2.4%)
-75 1.115 E-30 (#2.6%) 6.507 E-32 (+2.4%) .- -—
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FIGURE 2.5.3. Axial Distributions of the 237Np and 238y Fission Rates
in the PCA 4/12 SSC Configuration.

uncertainties are indicated for the data in Tables 2.5.4 and 2.5.5. To
obtain the absolute uncertainties from these relative uncertainties, the
4.1% uncertainty in the absolute power normalization must be combined in
quadrature with the tabulated values. The absolute uncertainties in these
data are generally <5% (o).

2.5.4 General Data Trends

The data plotted in Figures 2.5.4 and 2.5.5 show that the slopes of the
attenuation in the PVS block appear to be independent of configuration.

This fact, which was first noted in (Mc81b), is further substantiated by the
data in Table 2.5.6. Here all fission rates have been normalized to one at
the 1/4 T location, and the 1/2 T and 3/4 T relative fission rate values are
seen to be independent of configuration. The small standard deviations of
the means of the relative reaction rates for each location indicate that the
precision of the SSTR results is within the quoted uncertainties,

As ¢ further check on the consistency of tne SSTR reaction rates, ratios
were taken for equivalent locations in the different configurations. These
data are contained in Table 2.5.7. For the PVS block, the reaction rate
ratios are independent of location. Again, the standard deviations of the
means are consistent with the experimental uncertainties of the data.

2.5-7
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tances from core face apply to the
4/12 SSC data only.
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TABLE 2.5.6
RELATIVE REACTION RATES IN THE PCA PRESSURE VESSEL SIMULATOR

Locati

on

Isotope Configuration 174 T*

/2 T

3/4 1

238

u 8/7 (Oct 1981) 1.00
8/7 (Oct 1978) 1.00
4/12 SSC 1.00

12/13 (Oct 1981) 1.00
12/13 (Nov 1981) 1.00

Average --
23740 877 (Oct 1981) 1.00

8/7 (Oct 1978) 1.00

4/12 SSC 1.00

12/13 (Oct 1981) 1.CO
12/13 (Nov 1981) 1.00
Average --

0.442 (23.7%)
0.443 (£3.8%)
0.454 (13.2%)
0.427 (£3.7%)
0.429 (£3.7%)
0.439 (%2.5%)

0.593 (23.7%)
0.564 (%3.5%)
0.549 (13.5%)
0.524 (16.4%)
0.558 (£5.2%)

*Reaction rates normalized to the 1/4 T position.
relative reaction rates were obtained by combining the uncertain-

ties of reaction rates in quadrature.

0.193 (£3.7%)
0.187 (+3.6%)
0.196 (#3.2%)
0.187 (£3.7%)
0.185 (13.7%)
0.190 ($2.5%)

0.275 (£3.7%)
0.275 (5.1%)
0.278 (23.7%)
0.281 (+4.7%)
0.277 (£1.0%)

Uncertainties in

The uncertainty of the aver-

age is the standard deviation of the mean of the values averaged.

TABLE 2.5.7

INTER-CONF IGURATION REACTION RATE RATIOS

Location

Isotope Ratio 78T

77T k7L Average

28, (gnyanz sse) 1.8 (#3.4%0)*
(4/12 $5C)/(12/13)  3.78 (#3.5%)
(8/7)/(12/13) 5.22 (43.6%)

o (877)7(8012 $5C) 1.14 (45.3%)
(4712 SSC)/(12/713) 5,30 (+4.3%)
(8/7)/(1213) 6.06 (15,8%)

1,17 (25.9%)
5.55 (6.0%)
6.51 (¢7.6%) §5.92

1,35 (23.68)% 1.32 (23,40 1.35 (s2.20)"
3.99 (43.5%) 4.0
.30 (13.8%)  5.30

(£3.5%) 3.93 (+3.2%)
(£3.6%) 5.30 (21.6%)

son 1,06 (+1.8%)
— 5.42 (23.3%)
(¢5.5%) 6.16 (5.0%)

*Uncertainties on the reaction rate ratios were obtained by combining the uncertainties
of the reaction rates in quadrature. The uncertainty of the average is the standard

deviation of the mean of the ratios averaged.
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The relative reaction rate data of Tables 2.5.6 and 2.5.7, as well as the
data of Table 2.5.3 indicate that all the PCA SSTR reaction rate measure-
ments are self-consistent on a relative basis and that the measurements are
reproducib’e within the stated experimental uncertainties on an absolute
basis.

Discrepancies have been found with the results of fission chamber measure-
ments, however, and these discrepancies are explored in Section 2.6.

2.5.5 Photofission-Corrected SSTR Fission Rates

The SSTR measured fission rates have been corrected for assumed photofission
contributions using the calculated correction factors of Section 4.5. The
corrected values are contargif in Tabl 2.5.8 - 10, Also included for
comparison are the updated Th and 2 U fission rates, which were qu?ured
in lggg In addition to using the new optical efficiency value, the

and U measurements for the 12/13 configuration have been corrected for

a probable m3§9osition1ng of the PCA during the 1978 runs by using the ratio
of'the 1981 Np fission rates in the 12/13 configuration to the 1978
values.

Cadmium ratios derived from the SSTR 235U fission rates are contained in
Table 2.5.11.

2.5.6 Conclusions

Final SSTR fission rates are presented for the PCA 8/7, 12/13, and 4/12 SSC
configurations. These measurements are founJ to be reproducible and self-
consistent both on an intra- and inter-configuraion basis. Absolute
discrepancies with NBS fission chamber fission rates and recommendations
appear in Section 2.6.

2.5=10
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Location

Distance
from Core

(cm)*

TABLE 2.5.8

Fission Rate** (fissions per atom per core neutron)

SSTR NEUTRON-INDUCED FISSION RATES MEASURED IN THE PCA 8/7 CONFIGURATION

R

235y-cd

/47
a2
3/4 7
Ve

29.5
34.7
40.!
49.1

7.0 E-31 (+6.2%)
4.02 £-31 (+6.7%)
1.95 E-31 (+6.1%)

8.92 E-32 (+4.8%)
3.98 £-32 (+5.0%)
1.62 £-32 (+4.8%)

2.15 £-32 (+4.8%)
9.24 E-33 (+4.8%)
3.46 £-33 (+4.8%)
7.82 £-34 (+5.0%)

*Distance from the inner face of core aluminum simulator (or window).

**Al)l fission rates were corrected to a true core power of 9.75 kW at 10 kM.

2.44 £-29 (+5.1%)
7.08 E-30 (+4.7%)
3.53 E-30 (+4.9%)

1.32 £-29 (+4.9%)
6.33 E-30 (#5.1%)
2.95 E-30 (+4.7%)
1.03 E-30 (+4.8%)

The 235y and 23%Th fission rates

were measured in November 1978. Corrections to these fission rates (due to slight mechanical modifications of

the
and 2

support in June 19
, the factors for’ggsu-m and
the V8 fission rates. 238y

The

were made

A4

ng the factors from Table 7.2.1 in Mc8l.
were used, respectively.
and 2374p fission rates were measured after June 1979,

In the case of
The 3/4 T factors were used to correct
All SSTR fission rates

35y-bare

were calculated using the newly measured value for the mica optical efficiency (0.9875 + 0.0085) in units of tracks/
Photofission corrections were made using the data from Table 4.5.6.

fission.
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TABLE 2.5.9

SSTR NEUTRON-INDUCED FISSION RATES MEASURED IN THE PCA 12/13 CONFIGURATION

Distance
from Core Fission Rate** (fissions pe atom per core neutron)
Locat ion (cm)* FEL™ 238y 235y-Cd
TSF 12.0  7.85 E-30 (#5.3%) - S - -
TS8 23.8 /.35 E-31 (+5.3%) - - .—- ——
PVF 29.7 3.10 E-31 (#5.3%) 6.07 E-32 (+5.8%) - - -
/47 39.5 117 E-31 (#5.5%) 1.69 E-32 (#4.9%) 3.56 E-33 (+4.9%) - 1.26 E-30 (+5.0%)
w2 4.7 6.17 £-32 (+6.88) 7.36 E-33 (#4.9%) 1.55 E-33 (#5.1%) 8.03 E-31 (+4.9%) 6.43 £-3) (+4.9)
3/47 50.1 3.30 E-32 (#5.3) 3.01) E-33 (#4.9%) 5.95 E-34 (#4.9%) 4.01 E-31 (+5.0%) 3.66 £-31 (+4.7%)
VB 59.1 9.56 E-33 (#5.3%) B8.67 E-34 (#4.9%) 1.32 E-34 (#4.7%) 1.6) E-31 (+5.1%) 1.20 E-31 (+5.0%)

*Distance from the inner face of core aluminum simulator (or window).

**A1] fission rates were corrected to a true core power of 9.75 ki at 10 kW. The 235y and 232Th fission rates were
measured in November 1978. Corrections to these fission rates (due to slight mechanical modifications of the PCA
support in June 1979) were using the factors from Table 7.2.1 in McB8l. In the case of 235U-bare and 232Th,
the factors for 2 -gd and were used, respectively. The 3/4 T factors were used to correct the VB fission
rates. Tne 238y and 237p fission rates were measured after June 1979. A1l SSTR fission rates were calculated
using the newly measured value for the mica optical efficiency (0. + O.M) in ung;_of tracks/fission. Photo-
fission corrections were made using the data from Table 4.5.6. The E , and 2350-Cd fission rates have been
adjusted by a factor of 1.149 to account for a probable mispositioning of the PCA in the 1978 runs.
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TABLE 2.5.10
SSTR NEUTRON-INDUCED FISSION RATES MEASURED IN THE PCA 4/12 SSC CONFIGURATION

Distance from Fission Rate** (fissions per atom per core neutron)

Location Core ‘cm)* L™
$SC 15.6 8.42 £-30 (+4.8%) 1.12 £-30 (+4.8%)
18 1 30.5 6.23 £-31 (#4.8%) 6.46 E-32 (+4.8%)
2T 35.7 3.43 £-31 (+4.8%) 2.96 £-32 (+4.8%)
34T 8.1 . 1.26 £-32 (+4.8%)

*Distance from the inner face of core aluminum simulator (or window).
*=4]] fission rates were corrected to a true core power of 9.75 kW at 10 k. The
and 237xp fission rates were measured after June 1979. A1)l SSTR -fission rates
were calculated using the newly measured value for the mica optical efficiency (0.9875
+ 0.0085) in units of tracks/fission. Photofission corrections were made using the
data from Table 4.5.6.

TABLE 2.5.11
PCA 235y FISSION RATE CADMIUM RATIOS

Config-
uyration Position 1/4 T Position 1/2 T Position 3/4 T Void Box

8/7  1.857 + 0.074  1.121 + 0.082  1.201 + 0.042 e
123 - 1.248 + 0.048  1.096 + 0.040  1.339 + 0.056



2.6 CUMPARISUN OF SSTR AND FISSION CHAMBER RESULTS
« H. Ruddy s Bo U rry . d Gold (HEDL),
J. H. Roberts (HEOL), C. C. Preston (MEDL) and A. Fabry (CEN/SCK)

At present, pending the result of benchmark irradiations of the SSTR fission-
able deposits, the SSTR results are reported as absolute fission ratec. The
fission chamber results, on the other hand, have been benchmark referenced,
and the fission chamber results are reported as fission equivalent fluxes.

In order to make direct comparisons between the SSTK anu fission champer
results, the fission chamber data from section 2.3 of this report were con-
verted into the coresponding reaction rates. These comparisons are contained
in Tables 2.6.1 through 2.6.4.

For the PCA 12/13 configuration, the data of Tables 2.6.]1 and 2.6.2 indicate
that the 55TR results are lower than the fission chamber results by ~l0%.

The overall mean of the fission rate ratios from Table 2.6.1 is 0.902 t 0.023
and from Table 2.6.2 is 0.896 ¢ 0.023. The mean of the eleven fission rate
ratio values from both tables is 0.899 ¢ 0.022. The magnitude of the stan-
dard deviation of this mean (2.4%) is consistent with the experimental uncer-
tainties, indicating good relative precision of the SSTK and fission chamber
data but an absolute discrepancy (10%) that is not consistent with the quoted
experimental uncertainties on the absolute fission rates.

The data for the PCA 8/7 configuration are contained in Table 2.6.2. The
overall mean of these six fission rate ratios is 0.902 ¢ 0.023. Again,
the relative precision is good, but an absolute 10% discrepancy exists
between the S5TR and fission chamber data.

The data for the PCA 4/12 SSC configuration are contained in Table 2.6.4.

The overall mean of these five fission rate ratios is 0.896 ¢ 0.034. Once
again, the relative precision is consistent with the experimental uncer=-

tainties, but a 10% discrepancy in magnitude exists.

The similarity of the discrepancy for all three configurations suygests that
the discrepancy is configuration-independent. The mean of all the fission
rate ratios tabulated in Tables 2.6.1 through 2.6.4 is 0.897 & 0.025.

Therefore, although both the SSTR and fission chamber data sets are inter-
nally consistent and have good relative precision, an ~10% absolute bias
exists between the two sets of data. A possible explanation for this bias
Is the fact that the void introduced by the N85 fission chamber causes a
perturbation,

2.6.] Facts in Conflict with the Perturbation Hypothesis

In previous mcasug,,onts there was good agreement between NBS and CEN/SCK
fission rates ‘n Np. Prior to 1981, but not afterwards, there was a

valid, absolute calibration for the smaller CEN/SCK neptunium chamber. |[ts
volume 1s about 1/15th that of the NBS chamber. However, neptunium fission

206"



TABLE 2.6.1

COMPARISON OF SSTR AND FISSION CHAMBER MEASURED FISSION RATES
FOR THE PCA 12/13 CONFIGURATION - NOVEMBER 1981 SSTR RESULTS

Isotope Location Fission Chamber

Fission Rate
[(fissions per atom per core neutron) x 1032]

SSTR/

Fission Chamber

23750 1/8 T
/2 1

3/4 T

238, 1/4 T
121
3/4 T

SSTR Ratio*
12.55 (%£2.9%) 11.8 (£3.6%) 0.940 + 0.043
7.045 (£3.1%) 6.19 (25.4%) 0.879  0.055
3.69C (%3.1%) 3.32 (#3.3%) 0.900 t 0.04)
Average 0.906 + 0.031
1.943 (£3.0%) 1.75 (#2.7%) 0.901 + 0.036
0.8536 (£3.1%) 0.750 (#2.7%) 0.879 * 0.036
0.3546 (%3.1%) 0.323 (#2.7%) 0.911 % 0.037
Average 0.897 * 0.016

*The uncertainties on individual ratios were obtained by combining the uacertain-
The uncertainty

ties on the SSTR and fission chamber measurements in quadrature.

on the average is the standard deviation of the mean of the three ratios.

TABLE 2.6.2

CCMPARISON UF SSTR AND FISSICN CHAMBER MEASURED FISSION RATES
FOR THE PCA 12/13 CONFIGURATION - OCTOBER 1981 RESULTS

Fission Rate
[(fissions per atom per core neutron) x 1032]

SSTR/

Fission Chamber

Isotepe Location Fission Chamber SSTR Ratio*
B37yp 14T 1255 (£2.9%) 1.6 (£3.3%) 0.924 + 0.037
3/4 T 3.690 (%3.i1%) 3.23 (#3.3%) 0.875 ¢ 0.040
Average 0.899 * 0.035
238;  y4 T 1.943 (£3.0%) 1.78 (£2.7%) 0.896 + 0.037
12 T 0.8536 (£3.1%) 0.744 (#2.7%) 0.872 + 0.036
3/ T 0.3546 (£3.1%) 0.324 ($2.7%) 0.914 % 0.02)
Average 0.894 ¢ 0.021

*See footnote for Table 2.6.1.
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TABLE 2.6.3

COMPARISON OF SSTR AND FISSION CHAMBER MEASURED FISSION RATE.
FOR THE PCA 8/7 CONFIGURATION

Fission Rate
[(fissions per atom per core neutron) X 103!] Fission Chamber

Isotope Location Fission Chamber

237Np

238

1/4 7
1727
3/4 T

1/4 7
1727
3/4 T

7.789 (£2.9%)
4.321 (£2.9%)
2.282 ($2.9%)

1.050 (+2.8%)
0.4575 (£3.0%)
0.1899 (£3.0%)

‘ *See footnote for Table 2.6.1.

COMFARISON OF SSTR AND FISSIUN CHAMBER MEASURED FISSIUN RATES
FOR THE PCA 4/12 SSC CONFIGURATION

TABLE 2.6.4

SSTR/

SSTR Ratio*
7.15 (%4.6%) 0.918 ¢ 0.050
4.03 (%5.4%) 0.933 £ 0.057
1.97 (24.4%) 0.863 = 0.045
Average 0.905 : 0.037

0.913 (£2.6%)
0.404 (12.9%)
0.171 (£2.7%)

Average

0.870 = 0.033
0.883 = 0.037
0.900 = 0.036
0.884 = 0.016

Fission Rate SSTR/
[(fissions per atom per core neutron) X 10311 Fission Chamber
Isotope Location Fission Chamber SSL Ratio*

237Np

238,

1/4 T
172 T

1/4 7
/2T
3/4 T

6.826 (x1.7%)
3.765 (x1.9%)

0.7845 (+1.8%)
0.3392 (£2.3%)
0.1409 (22.6%)

*See footnote for Table 2.6.1.

2.6

3

6.25 (%2.6%)
3.44 (£2.6%)
Average

0.660 (£2.4%)
0.299 (12.4%)
0.130 (2.4%)

Average

0.916 = 0.031
0.914 = 0.029
0.915 = 0.002

0.841 = 0.025
0.882 + 0.029
0.923 ¢ 0.033
0.882 = 0.041



rates in the two chambers disagreed by no more than 3.5%, with the tiny
CEN/SCK chamber giving the slightly higher results. This fact is incon-
sistent with the 10% perturbation being caused by the NBS chamber void.

Direct comparisons between the SSTRs and CEN/SCK chamber can be made only at
two locations in the 12/13 configuration. As can be seen from the data in
Table 2.6.5, no detectable bias exists between the SSTR and CEN/SCK chamber
gﬁas:rements at these two locations, which are both external to the PVS

ock .

TABLE 2.6.5
COMPARISON OF SSTR AND CEN/SCK FISSION CHAMBER 237mp FISSIOW
RATES IN THE PCA 12/13 CUNFIGURATIUN

Equivalent Fission Fluxes (x 108) Fission Chamber/SSTR

Location CEN/SCK 3 IR Ratio
PVF 22.7 (+6.3%) 23.1  (+3.3%) 0.983 + 0.071
VB 0.73 (#9.2%) 0.711 (*3.4%) 1.027 + 0.101

Average 1.005 + 0.031

The effects of possible void perturbations were considered previously (Mc81). .
Measurements showed that in the PCA water locations, such as the TSF, TSB

and PVF locations, a perturbation of 10% to 12% was observed when passing

the miniature, needle-like, CEN/SCK fission chamber through an empty NBS

chamber housing, which was in position for measurements in the PCA. See

Figures 2.6.1 through 2.6.4. However, when these measurements were repeated

in the PV simulator block, no perturbation greater than 1% was observed. It

should be noted that these measurements were made with only one orientation

of the cavity and whethor that orienta’.ion was 0° or 180° is not known.

2.6.2 Facts That Support the Perturbation Hypothesis

There are NBS fission chamber data that suggest perturbations take place in
a void in the steel. See Tables 2.6.6 and 2.6.7.

The NBS chamber contains two dsposits, and fission rates are an average of
measurements taken with the 23 p dsposit facing the PCA reactor core and
then measurements taken with the 23 Np facing away from the core. That

is, one orientation is rotated 180° from the other. The chamber holder is
designed to have the center point between the two deposits not shift during
this rotation. This means that a deposit face moves about 0.25 mm (twice
the thickness of the stainiess backing on a deposit, which is 0.005 inches
thick). This movement is negligible for the problem at hand since gradients
are on the order of 1.0 to 1.5% per millimeter in the steel block. What

2-6-4
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FIGURE 2.6.2

Details of the immediate environment
around the NBS fission chamber during
measurements in the PCA-RPV facility: (A)-
Aluminum chamber; (B & C)-Chamber inside
of a cadmium cover; (D)-Cadium-covered
chamber surrounded by steel: (E)-The face
piece for tre steel cylinder around the chamber

Details of the Immediate Environment Around the NBS Fission Chamber.
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Details of the steel assembly that holds
the NBS fission chamber during measurements
in the FCA-PV facility: (A)-Method for surrounding
the chamber stem with ste2l; (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 pro:ide for 0° or 180° orientation.

FIGURE 2.6.3. Details of the Steel Assembly That Holds the NBS Fission Chamber.
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TABLE 2.6.6

EXAMINATION OF 0°/180° RATIOS FOR THE N8S 237np AND 238y
F1SSION CHAMBER RESPONSES IN THE 4/12 SSC* CONFIGURATION OF THE PCA

Ratio
PCA Orien- Ratio  237yp 238y Np/U
Position tation 237Np 238y  Np/U  (0°/180°) (0°/180°)  (0°/180°)
0° 341.3 1C1.2  3.374
1/4 1 1.037 1.055 1.018

180° 329.1 95.82 3.433

0° 188.2 43.54 4,323
/72 7T 1.050 1.056 1.027
180° i79.3 41.25 4.347

0° 100.5 18.46 5.444
3/4 17 1.061 1.06€ 1.006
180° 94.77 17.31 5.475

1/4 T 0° 303.8 90.21 3.378
off 1.052 1.067 1.011
center 180° 288.7 84.51 3.416

Average 1.050 1.061 1.015
+0.010 #0.006 #0.009

*September 1979 data; adjusted for dead time and extrapolation to zero but
not for absolute power normalization.
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EXAMINATION OF 0°/180° RATIOS FOR THE NBS 237Np AND 233y

TABLE 2.6.7

FISSION CHAMBER RESPONSES IN THE 4/9 CONFIGURATION OF THE PCA

Ratio
PCA Orien- Ratio 237§p 238y Nr/ U
Position tation 237np 238y  wNp/U  (0°/180°) (0°/180°)  (0°/180°)

0° 506.2 173.3  2.921

174 T 1.036 1.048 1.012
180°  488.5 165.3 2.955
0° 286.5 77.52 3.696

1721 1.028 1.045 1.016
180°  278.7 74.20 3.757
0° 151.1  31.79 4.753

3/4 T 1.031 1.030 0.999
180°  146.5 30.85 4.749

Average 1.032 1.041 1.009

+0.004 +0.010 +0.005
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does matter, however, is that the amount of steel, between deposit and core,
in the small insert that holds the chamber inside a steel sleeve (see Fig-
ures 2.6.2 and 2.6.3) is different for the two orientations. The difference
in thickness is 4.67 mm. The differences in attenuation upon rotation
result in differences in the 0° and 180° absolute fission rate measurements
as shown in Tables 2.6.6 and 2.6.7.

2.6.3 Fission Rate Intercomparisons

Recently, NBS and HEDL intercgmgared measurements of absolute fission rates
with chambers and SSTRs in a 22¢Cf standard fission spectrum. The meas-
urements were made using beth NBS and HEDL fissionable deposits, and all
results show agreement to within a combined uncertainty of several percent
(<2%). The NBS and HEDL deposits used at PCA are not the same as those
intercompared. However, it is important to be aware that this experiment
did not intercompare the masses of the HEDL or NBS fissionable deposits.

It is also significant to know that no large discrepancy, say greater than

a few percent, is expected between the mass calibration of the NBS and HEDL
fissionable deposits as indirect intercomparisons between NBS and HEDL
deposits have been made in the past. For example, both laboratories have
had deposits made by the Geel Laboratory, Mcl, Belgium; and QA overchecks by

both laboratories agree to within a few percent with the masses assigned by
Geel.

2.6.4 Recommended Actions

In order to directly compare the SSTR and the fission chamber measurements,
a series of experiments have been planned. SSTRs and ILRR radiometric foils
will be irradiated both in the standard configurations when all voids are
filled and inside NBS fission chambers. Hopefully, these measurements will
ascertain whether the fission rate measured inside the fission chamber is
different from that measured in a void-free environment and will identify
the source of the 10% discrepancy between the SSTR and the fission chamber
measurements.

Pending the outcome of these measurements, the discrepancy between the SSTR
and the fission chamber measurements remains unresolved. The recommended
fission rates in Section 6.1 are, therefore, a linear average of the SSTR
and fission chamber results. The averaging of these two sets of measure-
ments unavoidably contributes a. additional 5% unce-tainty, resulting from
the 10% bias between the two sets.
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3.0 E XPER IMENTAL PROGRAM: NEUTRON SPECTROMETRY
aymon

SUMMAR Y

In the LWR-PV Surveillance Dosimetry Improvement Program (SOIP), fast neu-
tron cpectrum measurements were carried out to provide the neutron spectral
definition required to appropriately analyze and intrepret neutron dosimetry
measurements related to fast neutron damage in LWR-PV steeis. Spectral
measurements also provide data for comparison with calculations. Three
different fast neutron spectrometry methods have been applied, namely:

Proton-recoil spectrometry with proportional counters

Triton-_and alpha-particle coincidence spectrometry based
on the SLi(N,a)3H reaction

Proton-recoil spectrometry with nuclear research emulsions

Proton-recoil proportional counter methods using hydrogen and methane gas-
filled detectors were applied to obtain the proton spectra from which the
neutron spectra wer> derived. Cylindrical and spherical geometry detectgrs
were used to cover Lhe neutron energy range between ~50 keV and 2 MeV. Li
spectrometry was used to cover the energy region between 2100 keV and 6 MeV.
Both the triton spectrum and the sum spectrum (triton + alpha particle) were
used to derive the neutron spectrum. Passive spectrometry hetween 2500 keV
and 8 MeV was obtained by irradiating I1ford L-4 emulsions.

Proton-recoil proportional counter measurements were concucted primarily at
midplane in the 1/4 T, 1/2 T, 3/4 T, and VL locations of the 8/7, 12/13, and
4/12 SSC configurations of the LWR pressure vessel simulator. Proportional
counter results have already been reported for the 8/7 and 12/13 confiqura-
tions in the first of this series of reports (Ro81). This chapter will
present proportional counter results for the 4/12 SSC configuration f-om PCA
experiments carried out in the fall of 1981.

Additional neutron spectrometry was conducted in the fall of 1981 at the PCA
with nuclear research emulsions (MRE). Earlier NRE measurements of PCA
spectra have been reported (Mc81), including a detailed exposition of
integral-mode NRE scanning (Go81d,Go8le). Integral mode scanning of these
1981 irradiated NRE has now been completed, and these results are presented
in Section 3.2, which follows.
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The proportional counter and NRE results show that the neutron spectrum
softens, i.e., shifts toward lower energy, 2s one proceeds from the front to
the back of the PV. The relative neutron flux densities increase in the
lower energy range with increasing steel thickness. Neutron spectrum fine
structure shapes and changes are observed. These results aid in the gener-
ation of more accurate, effective cross sections and fluences for use in
LWR-PV fast neutron dosimetry and materials damage analyses. As a conse-
quence, a more accurate evaluation of the condition of LWR-PV is possible
especially for PVs in LWR plants using low-leakage fuel management schemes.
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3sd TEST MATRIX SELECTION AND RATIONALE
Raymond Gold (HEDL)

The energy dependence of damage produced by neutrons in LWR-PV steel has
been recognized for some time (Ro63,R065,Mc69). In LWR-PV environments,
neutron-induced radiatior damage in steel is significant in the 0.1 to

1.0 MeV energy region. Moreover, the damage in steel possesses non-
negligible variation with neutron energy. rowever, differential measurement
of reutron energy spectra in LWR-PV environments has not been possible here-
tofore. Irherent limitations prevent differential techniques from being
applied in power reactor environments (Go77c). Passive techniques that are
applicable in power reactor environments, such as radiometric (RM), Solid
State Track Recorder (SSTR) or Helium Accumulation Fluence Monitor (HAFM),
are inherently limited by their integral nature and hence possess severely
restricted cnergy resolution. Moreover, these high-power techniques offer
little coverage in the 0.1 to 1.0 MeV energy region. Hence, the establish-
ment of a low-power LWR-PV benchmark at the PCA has offered a unique oppor-
tunity for progress in the LWR-PV surveillance Dosimetry Improvement Program
/soIp).

In oper:ting LWR, neutron-induced damage in the PV arises predominantly in
the energy rance from 0.02 to 6.0 MeV. Fortunately, a number of differen-
tial neutron spectrometry techniques already existed and were applied in
consort to this energy region. In particular, the use of gas—filleg proton-
recoil spectroscopy, proton-reccil nuclear research emulsions, and Li(n,a)
fast neutron spectroscopy to cover this energy region in earlier experiments
has already been described in the first of this series of reports.

Table 3.1.1 summarizes the test matrix of neutron spectral measurements car-
ried out in the fall of 1981. It can be compared with the test matrix fcr
~arlier PCA neutron spectrometry by consulting Chapter 3 of the first NUREG
report on PCA experiments (Go81f).

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.

Section 3.2 presents integral mode scanning results for NRE irradiated in the
1981 PCA experiments. Analysis and interpretation of these absolute proton-
recoil integral NRE data are presented 19 Somparison wigg two commonly used
LWR-PY-SDIP dosimetry reactions, namely 3 Np(n,f) and 8U(n..‘). Proportional
counter results for the 1981 experiments in the 4/12 SSC configuration are
presented in Section 3.3.
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TABLE 3.1.1
TEST MATRIX OF 1981 LWR-PV NEUTRON SPECTROMETRY IN THE PCA*

In-Situ LWR-PV Configuration
Location** 8/7 12/13 4/12 SSC
SSC - - -
PVF E E .-
1/4 7 E E P
1/2 7T E E P
3/4 T E E P
VB E E P

*E = Emulsions; P = Gas Proportional Counter.
**Observations were restricted to reactor midplane.
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3:2 NEUTRON DOSIMETRY WITH NUCLEAR RESEARCH EMULSIONS
J. H. Roberts, Raymond Gold, C. C. Prec on, J. P. McNeece and
F. H. Puddy (HEDL)

3.2.) Introduction

Jf Nuclear Research Emulsions (NRE) are exposed in a given reactor environ-
nent, proton recoil tracks result from the neutron-proton (n-p) scattering

of fast neutrons in the emulsion (Ro53,R057,R068). Two integral reactioun

rates have been defined based on the proton recoil data (Go81d,Go8le). The
first of these, I(Ey), is the number of proton tracks of enerygy E, per MeV

per hydrogen atom produced per watt-second (W-s) of reactor operation.

These proton tracks of energy E, will be produced by the n-p scattering of
neutrons of energy E > E;. The second, J(Ey), is the numoer of proton tracks
of all energies E > E, pér hydrogen atom produced per W-s of reactor operation.

For reactor-type spectra, I(E;) is more sensitive to neutrons having ener-
gies at and slightly above E,, whereas J(Eo) is more sensitive to neutrons
of somewhat higher energy. The two reaction rates thus compliment each
other. (See Figures 3.2.7 and 3.2.8 for details.) The reaction rates are
defined in Egs. 10 and 11, respectively.

The importance of using these reaction rates is that the cross section for
elastic scattering of fast neutrons by protons is known at the 1% level.
There are, however, experimental errors in determining the proton track
data. Unfortunately, these errors are most difficult to evaluate in the
region of neutron energy E, below 0.8 MeV, where reaction rate data are
most needed to fill gaps in data obtained by other methods. These dif-
ficulties result from coulomb scattering of the low-energy protons in the
emulsion, from the finite size of the silver bromide grains, from the
intrinsic range straggling, and from difficulties in measuring depth dif-
ferences for points along short tracks. The principal uncertainties thus
do not result from crcss-section data, but from the experimental problems
mentioned above. Estimates of the various uncertainties have been reported
(Go8le) and are discussed further in Section 3.2.4. These and other pos-
sible uncertainties are still under investigation. In spite of these dif-
ficulties, the use of an independent technique to obtain additional reaction
rates in the region from ~0.4 to 0.8 MeV is of great value.

Data and results obtained for six NRE from the 1981 exposures in the PCA
are given in this report. Exposure datz for these six NRE are given in
Table 3.2.1. The runs were monitored with the Mo: and NBS fission chambers.

NRE exposed in the 12/13 and 8/7 configurations were placed in Cd boxes in
such a way that the only void_present was that of the Cd box itself. The
volume of the box was 1.08 cm3. Previous exposures (Go8le) were made in
dummy proportional counters that created a much larger void. This change
was made so that a more direct comparison of the emulsion data could be made
with data from SSTR and radiometric sensor sets when perturbation effects
were minimized.
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TABLE 3.2.1

IRRADIATION DATA FOR SIX NRE EXPOSED DURING 1981 IN THE LNB-PVS
(Ilford L4 Emulsions, 200- and 400-um Thick on Glass chktni.
and Covered with 0.02-in. Cd were Exposed in Each Position

Exposure Rem Emulsion Config- Loca- Reactor Exposure
Date No. No. uration tion Power (W) (W-s)
10/12/81 1 K4A 1213 1/4 1 20 2.656 x 104
10/13/81 3 K5A 1213 /271 50 4,798 x 104
10/13/81 4 K6A 12/13  3/4 1 100 8.393 x 104
10/14/81 8 K7A 12/13 VB 200 1.556 x 104
11/16/81 2 W9 1213 TSB 1802.8  1.8028 x 103
10/15/81 13 K4B 8/7 1/4 T 20 3.914 x 103

3.2.2 Thermal Neutron-In¢ ced 4N(n,p)14C Reaction Data

As a check of the range-energy relationship for proton tracks in NRE, expo-
sures were made in the thermal neutron facility at NBS. _Thermal neutrons
react wiah nitrqaen in the emulsion to produce a proton-] C pair of tracks
from a ""N(n,p)'"C reaction. 158 track pairs were measured. The combined
mean range of the protons ana 14¢ recoil w?i 6.91 + 0.67 um, as shown in
Figure 3.2.1. The estimated range of the '*C is 073 um (Ba73), giving a mean
proton range of 6.61 um. From the proton range-energy curve for “standard"
?mulsion ?Ba63), this gives a proton energy of 0.595 MeV. If the Q of the
4N(n,p) C reaction is taken as 0.6263 MeV, the proton energy is 0.5845 MeV.
The difference between the observed and calculated values is 1.8%. As shown
in Figure 3.2.1, the distribution is approximately Gaussian; and the
standard deviation is consistent with the 0.5-um spread (Go83) in range
measurements made with the Emulsion Scanning Processor, if the effect of
range straggling is also included. This measurement confirmed the use of
the proton range-energy curve (Ba63) for "standard" emulsion as a
satisfactory approximation.
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FIGURE 3.2.1. Distribution of the Lengths of 14c.'H Pairs in I1ford L4
Emulsions Exposed to Thermal Neutrons. (The track pairs
result from the capture of the thermal neutrons in the
?ltrogen Sontained in the emulsion, giving the reaction

N(n,p)14C. The smooth curve is a Gaussian, G(r) = 44.74

exp [-1.125(x - 6.194)¢], fit to the data consisting of
158 track pairs.)

Jfsd Integral Mode Track Data

Six emulsions exposed in the PCA (T:ble 3.2.1) were scanned with the Emulsion
Scanning Processor (ESP) (Go81le,Go83) to obtain the data. Tracks within the
range interval from 3 to ~16 um were measured, whereas tracks >i6 um in
length were counted but not measured. Track data down to 4.0 um were
accepted as valid. Table 3.2.? gives the results of the scan, and

Figure 3.2.2 gives plots of the tracks per micron as a function of track
length in microns.

Of particular interest are the plots for emulsions W9 and K7A., W9 was in
the water behind the thermal shield, and K7A was in the void box behind the
block. The smooth =urves in these plots are from a nonlinear regression
code in which it is assumed that the distribution is the result of a super-

position of a straight line and a Gaussian curve. For W9 the equation
obtained is

2
M(r) = 172.996 - 13.297 r + 64.537 e -366(r-7.356)
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TABLE 3.2.2
INTEGRAL MODE TRACK DATA

Tracks fsm*
Emul - Emulsion Vo lume Tracks Range Tnterval (um
sion Config- Thickness Scanned Tallied 01- 0= Ol L01- 0T- .01-
No. uration Position {um) (cm?) >4.0um 5.00 6.00 7.00 8.00 9.00 10.00 11.00 12.00
K7A 12/13 VB 232.5 7.267 x 105 1003 167 144 156 202 91 54 29 13
(820) (167) (143.1) (121.6) (B9.0) (57.4) (33.1) (29) (13)
K4B 8/7 1/4 7 240.5 6.633 x 10°5 1026 188 135 107 92 73 47 4? 24
K5A 1213 172 7 233.0 5.549 x 10-5 1032 213 156 108 83 53 53 35 25
K4A 12/13 1/4 1 232.5 5.649 x 10°5 1026 167 155 96 90 73 33 35 34
W9 12/13 S8 218.1 1.442 x 10°4 1080 1Nz 103 116 133 67 46 44 35
(982) (M12)  (102.4) (92.0) (70.4) (56.4) (45.9) (44) (35)
K6A 12/13 3/4 17 232.5 5.679 x 10-5 1005 243 149 138 94 56 46 34 3

*Data in par
neutrons 1ne?‘

hesis for K7A and W9 give the number of tracks per micron after subtracting the contribution due to the capture of slow

N (see test).
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where:

" M(r) = number of tracks/micron
r = track length (um)

The corresponding equation for K7A is

-1.165(r-7.485)°

M(r) = 293.945 - 27.648 r + 115.518 e (2)

The choice of these functions is based on th assump%&on that the Gaussian
agistrioution is due to track-pairs from the N(n,p) C reaction produced
by the capture of epithermal neutrons in the nitrogen contained in the emul-
sions (Ba73). These curves peak at 7.356 and 7.485 um, respectively.

These results are to be compared with 6.91 um for the peak of the thermal
neutron exposure discussed in Section 3.2.2 (Figure 3.2.1). Even ignoring
uncertainties introduced in the fitting routine, the results are consistent
within error limits. The linear portion of the data is attributed to the
n-p scattering of the fast neutrons in the emulsion.

For the emulsions in the block, the data for K4A are fit to a linear equa-
tion, ana for K5A, K6A, and K4B to a second-degree equation. These plots
effectively smooth the data and make it possible to calculate a variance-
covariance matrix to give a statistical estimate of M(r), the tracks per
um as calculated from the curves in Figure 3.2.2.

3.2.4 Integral Mode Results and Treatment of Experimental Error

If we let M(r) represent the number of tracks per um of range r, we assume
that

M(r) =a+br+crl+ ... (3)

where a, b, and ¢ are constants, We shall use primed quantities, such as
M'(r), to represent the actual data points. Using a least-squares code

with statistical weiahts for the data points, the constants and their
statistical accuracies are determined. It was found that either a linear

or quadratic function gave the best fit to the data; the statistical aﬁcuracy
of the data did not justify highsﬁT;g;ms. The standard deviation of M'(r)
for each data point is taken as (r), except for emulsions W9 and K7A,

where the track distribution N(r) is represented by the superposition of a
linear function M(r) and a Gaussian G(r?:

N(r) = M(r) + G(r). (4) ‘III’
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We are interested here in M(r) and its standard deviation. Solving for
M(r), we have

M(r) = N(r) - G(r). (5)

From Eqs. (1) and (2) 1s~can calculate the number of tracks G'(r) associated
with the n-p reaction . Then,

M'(r) = N'(r) = G'(r) + N'(r) +G'(r) (6)

This statistical accuracy is used to obtain the statistical weights for M(r)
in obtaining a and b from the least-squares fit code for

M(r) = a + br (7)

Ancther code, which calculates an error matrix for each fit is used to give
the statistical estimates of M(r) for Eqs. (3) and (7). The quoted statis-
tical uncertainties given in Table 3.2.3 are obtained from the variance-
covariance error matrices. Other sources of uncertainty have been previously
discussed. These are proton range straggling (2%), proton energy based on
range-energy relation (2%), volume of emulsion scanned with ESP system (2%),
hydrogen directly in the emulsion (3%), elastic scattering cross section,
onglE) (1%). A1l of these in quadrature give an uncertainty of 4.7%. The
4.7% is put in quadrature with the statistical uncertainties obtained from
the error matrices, to give the total uncertainties given in Table 3.2.3.
This does not include an estimated uncertainty of 6% due to power
normalization,

Having obtained M(r) we must then determine M(E), the number of tracks per
MeV.

The standard range-energy relationship for [iford emulsion (Ba63) can be
represented by

loge E = By + By log r + Bp(log r)2 + B3(log r)3 + B4(log r)4 (8)

where 8?. 2], By, B3 and By are constants. For the region 3 <r < 40 ym,
owing

the fol table gives the values of these constants:
Constant Value Constant Value
8 1.16519 Ba -0.00331
8, -0.20952
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TABLE 3.2.3
I AND J-INTEGRAL REACTION RATE RESULTS FOR THE 1981 NRE EXPOSURES IN THE PCA

Locat ion/ I-Integral [protons/(MeV)(at.)(W-s)] J-Integral [protens/(at.)(W-s)]
Emul No./ Distance Statistical Jotal* Statistical Total*
Config- from Core Enerqgy Uncertainty Uncertainty Energy Uncertainty Uncertainty
uration Center (cm) (MeV) Integral (%) (%) MeV Integral (%) (%
W TS8 0.4467 1.8) x 10-19 6.61 8.10 0.4073 1.18 x 10-19 3.19 5.67
0.5198 1.73 x 10-19 5.82 7.48 0.4837 1.05 x 10-19 3.40 5.79
12713 23.8 0.5.77  1.59 x 1019 5.19 7.00 0.5540  9.37 x 10-70 3.58 5.90
0.6515 1.42 x 10-19 5.36 7.12 0.6197  8.52 x 10-20 3.76 6.01
0.7119  1.21 x 10-19 7.42 8.78 0.6197
K4A /4 1 0.4467 4.58 x 10-20 6.79 8.25 0.4073  2.15 x 10-20 3.0 5.63
0.5198 4.18 x 10-70 4.55 6.53 0.4837 1,78 x 10-20 3.41 5,80
12713 39.5 0.5877 3.63 x 10-20 5.17 6.98 0.5540  1.47 x 10-20 3.77 6.02
0.6515 2.96 x 10-20 6.72 8.19 0.6197 1,27 x 10-20 4,06 6.20
0.7119  2.19 x 10-20 7.47 8.82
K5A 2T 0.4467 3.31 x 10-20 5,80 7.46 0.4073  1.2) x 10-20 3N 5.63
0.5198 2.61 x 10-20 4.42 6.44 0.4837  9.64 x 10-20 3.50 5.85
12713 4.7 0.5877 1.96 x 10-20 5.39 7.14 0.5540  7.81 x 10-2] 3.88 6.09
0.6515 1.47 x 10-20 7.42 8.78 0.6197 6,53 x 10-2) 4,25 6.33
0.7119  1.15 x 10-20 7.94 9,22
K6A 3417 0.4467 1.99 x 10-20 4,99 6.85 0.4073  6.6) x 10-2) 3.15 5.65
0.5198 1.61 x 1020 4.00 6.17 0.4837  5.08 x 10-?! 3.59 5.91
12/13 50.1 0.5877 1.25 x 10-20 5.50 7.23 0.5540  3.96 x 10-?! 4,07 6.21
0.6511  9.40 x 10-2} 5.51 7.23 0.6197  3.14 x 10-2} 4.58 6.55
0.7119  7.08 x 10-2} 7.00 8.43
K7A V8 0.4467 6.18 x 10-2] 5.23 7 0.4073  2.28 x 10-2) 4.2! 6.30
0.5198 5.62 x 10-2! 4.89 6.78 0.4837 1,81 x 10-21 4.88 6.77
12/13 59.1 0.5877 4.87 x 10-2) 1.63 6.59 0.5540  1.41 x 10-2! 5.80 7.46
0.6511  3.93 x 10-2] 4.62 6.58 0.6197  1.08 x 102! 6.74 8.21
0.7119  2.84 x 10-2) 4.86 6.75
K48 /4 T 0.4467 2.82 x 10-19 6.60 8.10 0.4073 1.24 x 10-19 M| 5.63
0.5198 2.47 x 10-19 4,55 6.53 0.4837  1.01 x 10-19 3.45 5.82
8/7 39.5 0.5877 2.09 x 1019 5.31 7.08 0.5540 8.48 x 1020 3.77 6.02
0.6511  1.72 x 10-19 6.86 8.31 0.6197  7.19 x 10-?0 4.0 6.23
0.7119  1.36 x 10-'9 7.26 8.64

*Does not include an estimated 6% for power normalization.




The number of tracks per MeV, M(E), at range r is then calculated from
dE
M(E) = M(r) 55 (9)

where dE/dr is the slope of the range-energy curve, obtained by taking the

first derivative of Eq. (8). The I-integral for each energy is then
obtained as

M(Eo)

I(Eo) - 3;‘;{ (10)

where:

np = 3.192 x 1022 at/cm3, the hydrogen density in the emulsion
wt = number of W-s used in the exposure to obtain m(Ey)
I(E,) is given for various E, energies in Table 3.2.3

It should be noted that the emulsion technique provides a "variable
threshold" for I-integral reaction rates. The J-integral reaction rate is

u(Eo)
J(Eo) " (1)
p

where u(Eg) is the total number of proton tracks produced in a unit volume

of emulsion for neutrons of energy E, > E,. These are also tabulated for
various energies and, thus, can also be measured for various thresholds. The
values of u(Ey) above the cut-off range re = 4.0 um (E, = 0.4073 MeV) are
obtained by subtracting the tracks in an ?nterval ar with lower boundary at

ro to give the number of tracks above rp + ar. J(Eg) for various values of
E, are given in Table 3.2.3.

The spatial dependence of the values of the I-integrals and of the
J-integrals, from the back of the thermal shield through the block and into
the void box, are shown in Figures 3.2.3 and 3.2.4. The J-integrals all
drop off exponentially with the distance from the center of the reactor
core. The I-integrals are consistent with an exponential drop througn the
block, but only for Eo = 0.6515 and 0.7119 MeV are they consistent with an
exponential throughout the entire region investigated.
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In order to investigate tgs behavi0538f the [ and J reaction rates relative
to the reaction rates of ¢37Np and y’ the ra&jgs given in Tables 3.2.4
.and 3.2.5 have been calculated. The 2 Np and U reaction rates,
expressed as fissions per atom per core neutron, were measured with mica
S5STR. These ratios, expressed as functions of distance from the core center
and as functions of Ey, are plotted in Figures 3.2.5 and 3.Z2.0. C(Clearly

the behavior of these ratios is complicated, and only qualitative
interpretations of some of them will be attempied here.

Tg interpret the behavior of the I and J reaction rates relative to the

2 7Np reaction rates, a plot of the I and J response functions are given in
Figures 3.2.7 and 3.2.8. The I-response functions has the form o(E)/E,
(Go8ld,Go8le), wnere g(E) is the n-p scattering cross section and E is the
neutron energy. Clearly it is expressed in barns/MeV. The J-response func-
tion, on the otnher hand, has the form o(E)(l - Eo/E), where £y is the cnosen
threshold energy (Go81d,Go81le). It is expressed in barns.

There is only one curve for the [ response function, and the effect of
different threshold energies is seen by choosing different minimum energies
on this curve. On the other hand, there is a unique J-response function
curve for each minimum energy selected.

For qualitative interpretation of the behavior of the I- and J- integrals

relative to the 237Np reagtion rates for different posiiions and [- and J-

threshold energies, the 2 7Np fission cross section is plotted pointwise ‘
on the curves for the [- and J-response functions (Figures 3.2.7 and 3.2.8).

The [-integral response function is seen to have tne highest sensitivity to
neutrons at the threshold; its behavior is thus quite in contrast to the
response function (cross section) of most detectors. The J-integral response
function, on the other hand, behaves more like the cross section for a
threshold detector. However, from the plots shown in Figure 3.2.8 it can be
seen that the J-integral rs§ponse function at £, rises more rapidly than the
fission cross section of 23/Np just above threshold. Thus, the two integrals
both supply significant5§ different kinds of information than is obtained
from the fissioning of 7Np.

Consiager the family of curves in Figure 3.2.5. In all positions the ratios
increase with increasing J-integral thresholds. For Egy = 0.407 Ms! the
emulsion “sees" neutrons over most of the energy range for which ’Np has a
significant response, but at £ = 0.620 MeV, the emulsion does not "see"
neutrons below this energy, thus missing many that the 237Np "sees", and its
response is less than for E% = 0.407 MeV, even above E, = 0.620 MeV. Thus

the observed rise with increasing £, is expected. [t is also observed that
the ratio increases faster at the 3/4 T than at the 1/4 T position. This
suggests a softening of the neutron spectrum as one proceeds through the block.
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TABLE 3.2.4a

RATIO OF 237np REACTION RATES TO I-INTEGRALS

Distance

from Core 237np Ratio* of 237Np Reaction Rates to I-Integrals

Center Reaction
(cm) Location Rate Ry R?l R." Ra1 Rsy
39.5 174 7 122 + 2.93 2.66 + 0.29 2.92 + 0.21 3.36 +0.26 4.11 + 0.36 5.57 + 0.52
50.1 4T 3.1 +0.78  1.70 + 0.13 2,12 +0.15  2.73 4 0.22 3.63 + 0.29 4.82 + 0.43
59. 1 v 10.15 + 0.23  1.64 + 0.13 1.8 + 0.14 2.08 + 0.15 2.58 + 0.19  3.57 + 0.27

*Ry1. R21, R3p, Rqp and Rsy are the ratios for Ey = 0,447, 0.520, 0.588, 0.652 and 0.712 MeV,

respectively. The ratios have been multiplied by 162,
TABLE 3.2.4b
RATIO OF 237Np REACTION RATES TO J-INTEGRALS
Distance
from Core 237np __Ratio* .f 237np ReacLion Rates to J-Integrals
Center Reaction
(cm) Location Rate R1g Roy R3y Ray
39.5 178 1 122 +2.93 5.67 + 0.37 6.85 + 0.45 8.30 + 0.57 9.6 + 0.67
50.1 3/4 1 34.1 £ 0.78  5.16 + 0.33  6.70 + 0.45 8.6] + 0.60 10.86 + 0.79
§9.1 Ve 10.15 + 0.23  4.25 + 0.31 5.61 + 0.42 7.20 + 0.58  9.40 + 0.83

*R1J, Rz, R3y and Rgy are the ratios for E5 = 0.407, 0.484, 0.554 and 0.620 MeV, respectively.
The ratios have been multiplied by 1012,



vi-2'¢

Distance
from Core
Center
(cm)

39.5

44.7
50.1
59.1

Location

/4 1
172 1
/a7
VB

*R1» Rp. Ryp, Rgj and Rgp are the ratios for Ey = 0
! The ratics have been multiplied by |0‘3.

TABLE 3.7.5%a

RATIO OF 238y REACTION RATES TO I-INTEGRALS

Ratio* of 238y Reaction Rates to I-Integrals

238y
Reaction
Rate Ryt
i8.15 + 0.2  3.96 + 0.34
7.78 + 0.14  2.35 + 0.19
3.37 + 0.06 1.69 + 0.12
1.01 + 0.02 1.63 +0.12

447, 0.520, 0.588, 0.652 and 0.712 MeV,

respectively.
TABLE 3.2.5b
RATIO OF 238y REACTION RATES TO J-INTEGRALS
bistance 238y
from Core Ratio* of 238y Reaction Rates to I-Integrals
Center Reaction
{cm) Location Rate R‘J Rz‘] R3J R4"
39.5 1/4 1 18.15 + 0.33 8.44 + 0.52 10.2 + 0.65 12.4 + 0.8) 14.3 + 0.96
4.7 12 i 7.78 + 0.14  6.43 + 0.40 8.07 + 0.52 9.96 + 0.66 11.9 + 0.8]
50.1 3/4 1 3.37 + 0.06 5.10 + 0.32 6.62 + 0.43 8.5] *+ 0.57 10.7 +0.76
59.1 ve 1.01 + 0.02 4.43 +0.30 5.58 + 0.40 7.16 +0.57 9.35 + 0.90

g g

The rat

R3,) and Rg, are the ratios
have been multiplied by 10

___Rx R31 a1 Rs1
4.34 4 0.31 5.00 + 0.37 6.13 + 0.53 R.29 + (.74
.98 + 0.21 3.97 +0.30 5.29 + 0.48 6.77 + 0.65
2.09 4+ 0.14 2.70 +0.21 3.59 + 0.28 4.76 + 0.42
1.80 + 0.13  2.07 + 0.15 2.57 + 0.18 3.56 + 0.26

{3'- Eo = 0.407, 0.484, 0.554 and 0.620 MeV, respectively.
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from 0.300 to 1.000 MeV, whereas in (b) the quantities

are plotted from 0.30 to 4.50 MeV.]
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éssis interesting to compare the J-integral response ratics for 237Np and

U. (i.e., Figure 3.2.5c with §ggure 3.2.6c and Figure 3.2.5d with Fig-
ure 3.2.6c). The ratio of the 238() fission rate to the J-integral reac-
tion rate behaves very systematically both as a function of location and as
a function of threshold. For all the thresholds yggd here, the J-integrals
clearly possess a lower energy response than the U fission cross section.
Hence, one can qualitatively conclude from Figure 3.2.6c that the spectrum
softens with increasing distance from the core.

In contrast, the ratio of the 237Np fission rate tc the J-integral reaction
rate is not as simple. In Figure 3.2.5c, one finds that the behavior of
this ratio as a function of location changes dramatically with threshold.
Also in Figure 3.2.5d there is a crossover between the A and B curves as 4
function of threshold for the highest threshold; curve D first rises and
then falls. An examination of the plots in Figure 3.2.8, however, make it
clear why a compgisated behavior might be expected, since the relative
response of the Np fission cross section and the J-integral are chang-
ing rapidly for the different J-integral thresholds. Only a quantitative
analysis based on spectral changes in the energy region can lead to a
meaningful interpretation of these results.
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3.3 GAS PROTON-RECOIL SPECTROMETRY
J. W. Rogers (EG&G)

This section is in preparation and will be added during a future revision
of this document.



4.0 GAMMA-RAY DATA
Raymond Gold (HEDL)

SUMH ARY

To meet the needs of the LWR-PV Surveillance Dosimetry Improvement Program,

in-situ gamma-ray dosimetry has been carried out over the past four years in
the LWR-PVS at the PCA. These observatiops provide gamma-ray data that are

needed to:

1) Benchmark industry-wide reactor physics computational tools; e.g.,
independently, the gamma-ray spectrometry measurements provide
absolute data for comparison with calculations;

2) Assess the radial, azimuthal, and axial contributions of gamma-ray
heating to the temperature attained within the PV wall and other
components of commercial LWR power reactors;

3) Design and analyze high-power LWR irradiation tests, such as the
PSF metallurgical test; and

4) Assess photofission background in LWR-PV passive neutron fission
dosimetry.

Continuous gamma-ray spectrometry was carried out using Compton recoil gamma-
ray spectroscopy. Measurements were conducted primarily at midplane in the
1/ T, 1/2 T, 3/4 T, and VB locations of the 8/7, 12/13, and 4/12 SSC con-
figurations of the LWR-PVS. Observed gamma-ray continua have already been
reported for these configurations in the first of this series of reports
(Mc81). This chapter will focus on the most recent gamma-ray efforts under-
taken at the PCA in the fall of 1981.

In order to compiement these g mma spectrometry efforts, integral gamma-ray
dosimetry was carried out in the 4/12 SSC configuration using thermolumines-
cent dosimetry (TLD). Results of the integral TLD dosimetry measurements

are reported and are also compared to the most recent dosimetry results based
on absolute gamma-ray spectrometry. Both of these experimental techniques
are, in turn, compared with calculation.
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4.] TEST MATRIX SELECTION AND RATIONALE
aymond GO

In the LWR-PV Surveillance Dosimetry Improvement Program, there is need for
gamma-ray data to:

1)  Benchmark industry-wide reactor physics computational tools; e.q.,
independently, the gamma-ray spectrometry measurements provide
absolute data for comparison with calculations.

2) Assess the radial, azimuthal, and axial contributions of gamma
heating to the temperature attained within surveillance capsuies,
the Pv)wall, and other components of commercial LWR power reactors
(Raga).

3) Design, control, and analyze high-power metallurgical irradiation
tests.

4) Interpret fission neutron dosimetry in LWR-PV environments, where
non-negligible photofission contributions can arise (Bo77,5i79,
Go79d,ve80).

Consequently, the establishment of a low-power LWR-PV benchmark at the PCA
has provided a unique opportunity to obtain gamma-ray data heretofore
unavailable. Indeed, this has been attested to by the inclusion of an
entire chapter of new gamma-ray data (Go81b) in the first of this series of
reports.

Existing techniques for gamma-ray spectrometry and dosimetry were applied
directly in the PCA. Compton recoil gamma-ray spectroscopy was used for
both continuous gamma-ray spectrometry as well as absolute gamma-ray dosim-
etry. Gamma-ray dose measurements were also carried out at the PCA with
thermoluminescent dosimetry (TLD). The results of these efforts through
1980 are fully described in Chapter 5 of the first NUREG report on PCA
experiments (Go81b). As a consequence, only the follow=-on experiments per-
formed in 1981 are considered here. Moreover, in these more recent experi-
ments, the very latest developments in experimental techniques were applied
and recognized systematic effects were taken into account.

The test matrix for the 1981 gamma-ray measurements is given in Table 4.1.1,
It can be compared with the test matrix for earlier PCA gamma-ray work by
consulting Chapter 5 of the first NUREG report on PCA experiments (Go81b).
Table 4.1.1 reveals that the 1981 efforts were confined solely to continuous
gamma-ray spectrometry. Additional ionization chamber and TLD measurements
were conducted, but only to determine perturbation factors introduced by the
Janus gamma-ray spectrometry probe,
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TABLE 4.1.1

TEST MATRIX FOR THE 1981 GAMMA-RAY SPECTROMETRY EFFORTS AT THE PCA

LWR-PV Configuration

In-Situ Location 12/13 4/12 4712 5SC
1/4 7 X X X
Vey X X
3/4 7 X X

VB X X

Section 4.2 presents the experimental Si(Li) spectrometry efforts and
results, including comparisons with available calculations. Si(Li) gamma-
ray dosimetry results are presented in Section 4.3 and are compared to TLD
measurements as well as to calculations. Measurement of the Janus probe
perturbation factors is described in Section 4.4,
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4.2 GAMMA-RAY SPECTROMETRY
J. P. McNeece, Raymond Gold, and B. J. Kai

4.2.) Introduction

The radiation field found in nuclear reactors is comprised of two components
rather than just a single component, i.e, gamma rays as well as ne:.rons.
The interdependence of these two neutral particle components in reactor
radiation fields has been recognized for some time (Go70a) and has been
stressed in reviews (Go75,6078a), which provide the general motivation for
gamma-ray characterization efforts in reactor envirovnments.

Just as in reactor neutron metrology, gamma-ray spectrometry and gamma-ray
dosimetry are techniques that complement each other at low power. Gamma-ray
spectrometry provides absolute differential data, whereas gamma-ray dosimetry
furnishes absolute integral data. Both differential and integral gamma-ray
data can be used for comparison with reactor calculations.

Gamma-ray efforts in the LWR-PV mockup at the PCA represent an effective
collaboration between groups at two major laboratories; namely, the Center
for the Study of Nuclear Energy, Mol, Belgium (CEN/SCK) and the Hanford
Engineering Development Laboratory (HEDL). The HEDL group carried out con-
tinuous gamma-ray spectrometry and dosimetry with Si(Li) detectors, as well
as ionization chamber measurements. The CEN/SCK group carried out TLD meas-
urements and coupled neutron-gamma transport calculations. These earlier
efforts, through 1980, are described in Chapter 5 of the first of this
series of NUREG reports (Go81t)., More recent analyses and comparisons of
these earlier data were presented at the Fourth ASTM-EURATOM Symposium on
Reactor Dosimetry (Go&b).

In the last few years, progress in defining the gamma-ray component of the
radiation field in the LWR-PVS environment has been exceptional. This prog-
ress can be attributed, in the main, to the synergistic collaboration between
the CEN/SCK and HEDL groups. At the outset, absolute gamma-ray spectral
calculations performed by the CEN/SCK group for the 12/13 configuration were
roughly an order of magnitude higher than continuous gamma-ray spectrometry

carried out by the HEDL group in this (12/13) LWR-PVS configuration at the
PCA.

This initial comparison provided the impetus for more detailed calculations
as weil as complementary TLD measurements by the CEN/SCK group. Subsequent
comparisons in the 4/12 SSC configuration revealed that the absolute spec-
trometry measurements of the HEDL group were now a factor of two or so higher
than these new calculations. Furthermore, Si{Li) gamma-ray dosimetry was
roughly 35% higher than TLD measurements within the PV block. The CEN/SCK
group pointed out that the Si(Li) measurements could be high due to voids
created upon insertion of the Janus probe into the PV block. The HEDL group
concur ‘ed, noting that the gamma-ray intensity gradient in the PV block,
together with voids arising by introduction of the Janus probe, could pro-
duce the higher absolute results observed in the Si(Li) measurements.
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As a consequence, miniature ionization chambers were developed to actually
measure the perturbation that arises through introduction of the Janus probe
into the PV block. These measurements are described in Section 4.4. In
addition, the Janus probe was redesigned to minimize voids for the 1981 PCA
measurements. This new design, together with the latest developments in
experimental technique, are described in Section 4.2.2, whicn follows.
Gamma-ray continua observed in the 1981 PCA experiments are presented in
Section 4.2.3. Comparisons of the observed gamma-ray spectra with theory
are presented whenever appropriate reactor calculations are available.

4.2.2 Experimental Technique

The basic principles underlying Compton recoil gamma-ray spectroscopy have
beer adequately documented (Go68a,G070a,6070b,K075,J178,5168,5169). Since
its inception, however, this method has undergone continuous improvement.
Advances in this technique were reviewed at the last two international ASTM-
EURATOM Symposia on reactor dosimetry (Go80d,Go82b). Further developments
as well as applications in breeder reactor (BR) environments have also been
reported (Go79b,Go80b). This method continues to evolve so that even the
most recently reported efforts (Go&b) require updating. Consequently,
improvements incorporated into the Janus spectrometer for the 1981 PCA
experiments are explained below.

Janus Spectrometer -- The basic elements that comprise the Si(Li) gamma
spectrometer Janus probe system are displayed in Figure 4.2.1a. This opti-
mized system differs from that previously reported in four important ways:

1) Two separate, but identical, cooled 1-cmd Si(Li) detectors are
placed face-to-face as shown in Figure 4.2.1a.

2) Each detector output is fed into a reconfigured version of the
ORTEC 142A preamplifier, in which the front end FET stage is
cooled.

3) The pulse processing instrumentation has been altered somewhat
from the original Janus probe electronics. Coincident counting
between Si(Li) detectors is still possible, but no pulse shape
discrimination is used.

4) The detector vacuum enclosure has also been modified, as shown in
Figure 4.2.1b, to reduce the probe perturbation on the LWR-PVS
gamma field. Specifically, the detectors now are separated from
the electronics below by a 0.254-cm steel plate. Steel plates
have been used as well to reduce the vacuum voids beside and above
the detector to 0.254 cm,
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FIGURE 4.2.1a.

. FIGURE 4.2.1b.

S
DEVECTORS

[j SENSITIVE REGION

| lB(AD'!GIM

PA « PREAMPLUIVIER

CA « DFVERINTIZL AMPLIFIER
FA = FAST INANOSET AMPLIFIER

A LINEAR AN P FR

o
“ 3 SEMISENSITIVE REGION

FO = FAST N30 Mt D157 MIMINATOR
COIN = FAST CONCIDENCE NETWOARK

LG = LINEAR GATE
€ = ENERGY PLLSE

€T «» CONCIDENCE TI"AING PULSE

Cross-Sectional View of the Janus Detector Configuration and

SINGLE
PARAMETER
PULSE MEIGHT
ANALYSIS
SYSTEM

-

Block Diagram of the Pulse Processing Instrumentation,

M

PVS

STFEL
WALL

~— ]
In-Situ Irradiation Environment of the Si(Li) Janus Probe in

the LWR-FVS,

T

6n
ALUTAINUM
MEAT SINK

~_
|
'

oy

ELECTROMIC

!

ey oty RO 10 —-~—.1

STEEL

ANT)
STREAMING
PLUG

]

4.2-3

B i T ——

PVS
STEEL
WALL

- 1in STREL

1

L”“\——\



These modifications provide the following capabilities:

1)  Two complementary modes of operation:

*  The noncoincidence mode for low energy spectrometry (£3 Mev).
* The coincidence mode for high energy spectrometry (X3 MeV).

2) Improved discrimination against neutron-induced events, since neu-
tron interactions produce short-range events that are excluded in
the coincidence-mode operation.

3) Improved high energy coincidence-mode response for unfolding
analyses,

4) Lower common mode noise and better resolution by utilizing a dif-
ferential shaping amplifier, in place of the cascaded differential
and linear amplifiers previously used.

5) Single-parameter, rather than dual-parameter analysis, reduces the
complexity of the pulse processing instrumentation as well as the
procedures necessary for data collection and unfolding.

The recent change from dual- to single-parameter pulse analysis was based
upon a careful study of S1(Li) energy and rise-time spectra as a function of
gamma-ray energy, using monoenergetic gamma-ray sources in the 0.1 to 7.0 MeV
energy region. The two most significant observations generated in this study
were:

1) Rise-time spectra were found to be electron (hence gamma-ray)
energy-dependent .

2) The variation of observed electron energy spectra was not ade-
quately described by theory (Klein-Nishina formula). [These
energy spectra were obtained from monoenergetic gamma-ray sources
in the 0.1 to 7.0 MeV energy region using rise-time discrimination
to reject electron escape from the Si(Lig detectors.]

As a result of this study, the use of theory as the basis for response
matrix construction, as practiced in earlier continuous gamma-ray spectro-
metry efforts (Go70), was not appropriate for the Janus probe. Under these
conditions, empirical response matrix construction affords greater accuracy,
since systematic effects are automatically included in the observed mono-
energetic responses that are used, in turn, to construct the response
matrix. Moreover, the experimental technique is simplified considerably by
use of single-parameter as opposed to dual-parameter pulse analysis. The
success of this single-parameter, empirical response matrix approach has
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already been demonstrated through the satisfactory comparison of Janus probe
r5sults with a Ge(Li) spectrometer observation of a line spectrum from a
226Ra source (Go8lc,Go82b).

Data Analysis -- Empirical response matrix construction to date has only
been performed in the low-energy (noncoincidence) region. Hence, resulcs
reported here are necessarily confined to the energy region 3 Mev.

The empirical response matrix was constructec from the measured responses of
eight monoenergetic gamma-ray sources. Monoenergetic gamma-ray energies
ranged from 0.3208 to 2.754 MeV. Table 4.2.1 lists the sources used. The
following sections describe data preparation and response matrix construc-
tion in detail.

TABLE 4.2.1
MONOENERGETIC SOURCES USED IN THE RESPONSE MATRIX CONSTRUCTION

Photon Compton Edge
Radioisotope Energy (MeV) Energy (MeV)
. 2¢p 0.3208 0.1779
198,, 0.4118 0.254)
46y 0.511 0.3407
137¢4 0.5616 0.4773
% 0.8348 0.6394
65 1.115 0.9071
225, 1.275 1.0618
24Na 2.754 2.5201

Initial Data Preparation -- The first step in preparing the eight measured
monoenergetic responses is to normalize each response to a fixed fluence at
the center of the detector. Using absolute source strength together with
geometric correcgion fsptors, each monoenergetic Compton recoil sgsctrum 13
normalized to 10° y /cm® at the detector center. In addition the ¢¢Na and ANa
spectra are corEscted to remove secondary gammas (0.511 MeV for 2?Na and
1.3686 MeV for <“Na).

Response Matrix Generation -- An empirical response matrix (256 x 256) is
constructed for the Janus probe. Each column, j, of the mairix represents
' the response of the detector for a gamma-ray fluence of 106 y /cm? at the

detector cencer. The gamma-ray energy of each column is that energy having

its Compton edge at row i=j. Rows of the matrix possess a 10-keV electron
energy width.
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Construction of the matrix is accomplished by the use of an analytical
expression having parameters computed from the eight measured moncenergetic
gamma-ray responses. The analytical expression contains terms to account for
the basic Gaussian broadened theoretical Compton recoil spectrum, low-energy
tails due to escape and electronic noise, photopeaks, pair production peaks,
and multiple-scattering effects. To mor? slearly explain how these param-
eters are computed, the analysis of the 37cs will be shown in detail.

The measurec response (electron spectrum) for 137Cs is shown in Figure 4.2.2.
The first step in the analysis is to define the Gaussian broadened theoreti-
cal Compton spectrum portion of the measured response. Figure 4.2.3 shows
the theoretical Compton recoil spectrum for a 0.662-MeV gamma ray. A trial-
and-error method is used to define a broadening term that, when applied to
the theoretical spectrum, will produce a spectrum having a shape at the
Compton edge comparable to the measured response. The Gaussian broadened
spectrum is then normalized to the measured response magnitude at the
Compton edge. Figure 4.2.4 shows the normalized, Gaussian broadened spec-
trum. The broadening factor and the magnitude of the response at the
Compton edge are two terms used in the final expression.

Parameters for the other components of the spectrum are determined from the
result of subtracting the broadened, theoreticai spectrum from the measured
response. This result is shown in Figure 4.2.5. Three of the four possible
components are shown: the low-energy tail, the multiple-scatterinq39eak,
and the photopeak. The pair production peak is not a part of the Cs
response since the gamma-ray energy is below the threshold for pair produc-
tion (~1.02 MeV).

The low-energy tail is fit to a sum of two decaying exponentials using a
nonlinear least-squares fitting routine. Four parameters are generated
from this fitting process. The multiple-scattering peak is represented by
the coupling of two Gaussians, both having the igwe height but different
widgths., Figure 4.2.6 shows the result for the Cs spectrum. Three
parameters are generated from this fit. The photopeak is treated as a
single Gaussian. A least-squares fit is made to calculate the height and
width parameters. Pair production peaks are treated in the same manner as
photopeaks.

The result of the analysis is a set of eleven (thirteen, if there is a pair
production peak) parameters for each of the monoenergetic gamma-ray sources.
Each of these parameters is, in turn, fit to a smooth curve in gamma-ray
energy space. Thirty values are tabulated between (.32 MeV and 2.75 MeV for
each parameter,

The response matrix is generated column by column. The gamma energy is
chosen such that its Compton edge lies in row i=j, and the parameters for
this gamma-ray energy are determined by interpolation in the parameter

4.2-6
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tables. Figure 4.2.7 shows the calculated response for 137Cs, and
{qgle 4.2.2 presents a comparison between the calculated and m:asured

37Cs responses. The deviation between parametric and observed responses
can exceed 10%. However, these larger deviations arise in reqions where the
response is relatively small. In regions where the response is substantial,
the deviation between parametric and observed responses is generally less
than 5%.

Unfolding -- Gamma continua are obtained with iterative unfolding (Go70c).
The arresting criterion for the iteration process was modified to accou:’.

for not only the statistical fluctuation in the data, but also for the error,
o g, n energy calibration. Hence, the standard deviation at each channe)

o i was computed as:

2
af = N+ (:—%>1 (aE)f (n
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TABLE 4.2.2

COMPARISON BETWEEN CALCULATED AND MEASURED
COMPTON RECOIL SPECTRA FOR 137cs

Channel Calc/ Channel Calc/ Channel Cale/
No. Meas No. Meas No. Meas
10 0.987 32 0.947 54 1.060
11 0.956 33 0.947 55 1.087
12 0.947 34 0.948 56 1.102
13 0.948 35 0.950 57 1.140
14 0.954 36 0.950 58 1.022
15 0.958 37 0.951 59 1.136
16 0.960 38 0.953 60 1.131
17 0.959 39 0.955 61 1.128
18 0.956 40 0.957 62 1.128
19 0.953 41 0.960 63 1.125
20 0.951 4?2 0.965 64 1.116
21 0.951 43 0.973 65 1.093
22 0.951 14 0.988 66 1.026
23 0.951 45 1.019 67 1.097
24 0.950 46 1.080 68 1.128
25 0.950 47 0.970 69 1.118
26 0.949 48 0.921 70 1.116
27 0.948 49 0.900 71 1.096
28 0.948 50 0.932 72 1.110
29 0.948 51 0.990 73 1.130
30 0.948 52 1.047 74 1,146
31 0.947 53 1.063 75 1.138
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where:
Ni = Number of counts in channel i
1
(;?)' = Slope of the spectrum at channel 1
/9

(o e Error in electron energy at channel i
{

Iterative unfolding is arrested when the sum of the residualy decreases
below a prescribed bound A, The initial estimate for A is taken as:

Ae Yo (2)

’ The arresting criterion is empirically refined by observing the results of
unfolding a known gamma-ray line spectrum, such as ‘2bpy,
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The adequacy of using single-parameter data acquisition together with empiri-
cal response matrix unfolding has already been demonstrated thrszah compari-
son with a Ge(Li1) spectrometer using the line spectrum from a 22bRa source
(Go81b,Go82b). Obviously, unfolding a line spectrum, such as 226pa, is a
very rigorous test for a continuum spectrometry method. Nonetheless, the
unfolded gamma-ray continuum is 1ndee$ gRline spectrum, and the energy of

the unfolded peaks agrees with known 2 energy peaks to an uncertai ty

of less than 1%. Of equal significance was the fact that the absolute peak
intensities of the Janus and Ge(Li) spectrometers agreed to within ~10%

over the low-energy region, i.e., <3 Mev.

4.2.3 LWR-PV Gamma-Ray Spectrometry Results from 1981 PCA Experiments

Different power-time histories were used to collect gamma-ray spectrometrty
dat.aT ir: the 1981 PCA experiments. These power-time histories are summarized
in Table 4.2.3.

TABLE 4.2.3 .

POWER-TIME HISTORY FOR 1981 PCA GAMMA-RAY SPECTROMETRY

LWR-PV Configuration
12/13 4/12 4/12 SSC
Location Date Power* Time** Date Power* Time** Date Power* Time**

1/4 7 10/8/81 1.19 68, 10/7/81 0.30 86.6 10/9/81 1.1 AR

1727 10/8/81 5.04 68.0 .o .- .- 10/9/81 3.9 69.8
/a7 10/8/81 20.0 67.6 --e .- .- 10/9/8Y 11.9 68.7
V8 10/8/81 41.0 3.5 “ee .- .- 10/9/81 23.5 66.0

“WPTA power Tn watts,

**[rradiation time interval in minutes.
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Electron and gamma spectra from the 1981 Janus probe measurements at the PCA

have been grouped by location and configuration. At each location the fol-
lowing spectra are presented:

a. High-energy electron spectrum.
b. Low-energy background electron spectrum.

€. Low-energy foreground minus background electron spectrum.

d. Low-energy gamma spectrum.

A single figure, which is actually a composite of these four spectra, is
used for each location. For example, Figures 4.2.8a, 4.2.8b, 4.2.8¢c, and
4.2.8d show the high-energy electron spectrum, the low-energy background
eiectron spectrum, the low-energy foreground minus background electron spec -
trum, and the low-energy gamma spectrum, respectively, for the 4/12 config-
uration (without SSC). Figures 4.2.9, 4.2.10, 4.2.11 and 4.2.12 present
results for the 1/4 T, 1/2 T, 3/4 T, and VB locations of the 4/12 SSC con-
figuration, respectively. Similarly, Figures 4.2.13, 4.2.14, 4.2.15, and
4.2.16 present results for the 1/4 T, 1/2 T, 3/4 T, and VB locations of the
12/13 configuration, respectively.

Data from the high-energy electron spectrum are used to form the infinite
medium dose rate, as explained in Section 4.3 below. The low-energy fore-
ground minus background electron spectrum is used to obtain the low-energy
gamma spectrum. Consequently, all low-energy gamma spectra have been
corrected for background and possess absolute units of gamma rays/(cn24NeV°s)
at | watt of PCA power. [n addition, ali gamma spectra have been corrected
for the perturbation created by the introduction of the Janus probe. A

detailed treatment of Janus probe perturbation factors can be found in
Section 4.4,

For the low-energy gamma spectra, calculational results are also presented.
For the 12/13 configuration, calculations have been performed by ORNL (Ma83)
and CEN/SCK (Mi81) for the 1/4 T, 1/2 T and 3/4 T locations. For the 4/12

$SC configuration. calculations have been performed by Mol (Mi81) for the
1/ T, 1/2 T, and 3/4 T locations.

For the 12/13 configuration, ORNL calculations are roughly a factor of two
lower than experimental gamma-ray spectra, whereas CEN/SCK calculations
occupy an intermediate position. Similar behavior can be observed in the
comparisons between theory and experiment shown for the 4/12 SSC configu-
ration. It 1s surprising to see that comparisons bLetween theory and experi-
ment generally improve with increasing penetration into the PV, However,

calculations generally decrease more rapidly than experimental results with
increasing gamma-ray energy.

Satisfactory progress has been made in extending the Janus probe response
matrix to higher energy. Measurements have been completed with the gamma-
rays from '*C* (~4.4 MeV) and '*0 (~6.1 MeV). Analyses of these data are
unverway with the goal of providing PCA experimental gamma-ray spectra in
the energy range above 3.0 MeV. These higher-energy gamma-ray spectra will
be reported in subsequent LWR-PV-SDIP quarterly progress reports.
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4.3 §i(Li) GAMMA-RAY DOSIMETRY
‘ B. J. Kaiser, Raymomd Gold, and J. P. McNeece (HEDL)
4.3.] Introduction

General motivations for gamma-ray dosimetry in reactor environments have
been adequately reviewed (Go75,G078,6078a). More specific needs for gamma-
ray dosimetry in LWR-PV environments were addressed in Go81b, Section 5. In
LWR-PV mockups, three different gamma-ray dosimetry methods have been used
to date. These are:

1) Lithium-drifted silicon solid-state detectors, Si(Li), which are
simultaneously used for continuum gamma-ray spectrometry, as
described in Section 4.2 above.

2) Thermoluminescent dosimetry (TLD).

3) lonization chambers.

The ionization chambers were only used for relative measurements in order to
determine Janus probe perturbation factors. Consequently, further informa-
tion on these ionization chambers has been included in Section 4.4. The
CEN/SCK group carried out the TLD work through 1980 using ‘LiF. The

results of these efforts were reported at the Fourth ASTM-EURATOM Symposium
on Reactor Dosimetry (Ma8 ), as well as in Section 5.4 of the first NUREG
report on the PCA experiments (Fa8lb).

Si(Li) dosimetry by the HEDL group through 1980 has also been reported at

the Fourth ASTM-EURATOM Symposium on Reactor Dosimetry (Go8 ), as well as in
Section 5.3 of the first NUREG report on the PCA experiments (Ka81). Conse-
quently, only the most recent advances in Si(Li) gamma-ray dosimetry need be
considered here. However, since Si(Li) dosimetry is not widely practiced, a
rudementary description of the method is repeated below with special emphasis
given to important changes in experimental technique that have been intro-
duced by use of the Janus probe for the 1981 PCA experiments.

4.3.2 Experimental Method of Si(Li) Gamma-Ray Dosimetry

The method of Si(Li) gamma-ray dosimetry is not new, but has its conception
in the original work done with these detectors for continuous gamma-ray
spectroscopy (6o70,6071a,5t71). Two different dose rates have been used in
Si(Li) gamma-ray dosimetry. The finite-size dose rate Dfg, arising in the
Si(Li) detector, is given by:

: k
F
‘ Oes =5t 2o Cif (M
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where:

E; = Mid-bin electron energy of channel i (MeV)
Ci = Number of counts observed in the channel i bin

m = Mass of the sensitive volume of the Si(Li) detector (g)

T = Live time of the measurement (h)

P = Reactor power level maintained during the measurement (W)
F=1.602 x 107 rad-g/MeV

The cgnstant F is a conversion factor that provides the finite-size dose
rate Dgg n units of rad/(h-W). Note, according to Eq. (1), that the
finite-size dose is defined in a specified electron energy range, namely

(Ens Exl.

Unfolded absolute gamma-ray continua obtained from Si(Li) detectors, as
agescribed in Section 4.2, can also be used to obtain gamma-ray dose rates.
In this case, finite-size effects have been properly treated in the empiri-
cal response matrix. Consequently, electron escape or entry into the sensi-
tive volume of the Si(Li) detector has been properly accounted for in the
absolute gamma continuum unfolded with this empirical response matrix.
Hence, dose rate calculated with this absolute continuum has been called
the infinite medium dose rate Dym.

The infinite medium dose rate in material M, Dym, is given by

y F M
- € . - 2
il i‘; i Boof [ ("e"/p>]i !

o
0

where:
(co)i = Mid-bin gamma-ray energy of channel i (MeV)
¢, = Gamma-ray flux in the channel i bin fy /(cm2-s)]
Mﬁlenk>)i = Masc energy =bsorption coeffigient for material M

at gamma-ray energy (e o) (cm¢/g)

The factors P, T, and F can be taken as defined earlier, so that Djw posses-
ses units of rad/(h*W). Note, according to Eg. (2), that the infinite medium
dose is defined in a specified gamma-ray energy range, namely [(eg)pns (€o)k]s
which corresponds to the measurement domain of the absolute gamma continuum.
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These definitions of Drg and Dry correspond to the use of Si(Li) detectors
as originally practiced in ear51er gamma-ray work (Go70c,Go71,St71). It is
instructive at this point to provide a better understanding of each of these
two different dose rates as well as to clearly define distinctions that
existed between them in these earlier efforts. The finite-size dose rate
UES is calculable directly frog the observed electron continuum, whereas
the infinite medium dose rate M 1s obtained from the absolute gamma
continuum. Higher accuracy can generally be attained for finite-size dose
rates, since unfolding is not necessary in the calculation of Dfs. For

Ugg calculations, integration can be carried out over any electron energy
inéerval [En, Ek] that Ties within the range of the electron measurements.
However, from a rigorous viewpoint, Opg corresponds to energy deposition

in silicon and effects of finite size Can still exist in the data.

Un the other hand, effects of finite detector size have been properly
accounted for in the infinite medium dose Dym. In Dpym calculations, inte-
gration can be carried out over any interva{h&(eo)n, rc ] within the

range of definition of the unfolded gamma continuum. IR gontrast to DFS' the
infinite medium dose can be calculated for any medium from the observed gamma
continuum. In fact, for theoretical dose calculations, the relation used is
precisely Eq. (2) except that ¢; is now the calculated gamma spectrum. From
this viewpoint, the infinite medium dose provides a more direct comparison
between theory and experiment.

Introduction of the Janus probe configuration as well as associated changes
in experimental technique have significantly altered the meaning of observed
Si(Li) gamma-ray dose rates. In earlier work, pulse-shape discrimination was
used together with fully depleted Si(Li) detectors. Hence, formation of the
dose according to Eq. (1) did indeed include effects of finite size. How-
ever, formation of the observed Janus probe dose rate, Dy, according to

this prescription, i.e.,

k
2 F
0y = 5T 2 Cifs (3)

i=n

does not include finite-size effects. According to the configuration shown
in Figure 4.2.1a, the sensitive region of the Janus probe Si(Li) detectors
1s completely surrounded by a combination of the semi-sensitive and dead Si
regions. Of equal significance is the elimination of dual-parameter pulse
analysis for the Janus probe configuration so that electron spectra are
observed without pulse-shape discrimination.

Because of these two factors, electron spectra observed with the Janus probe
possess negligible finite-size effects. Since electron spectra observed with
the Janus probe in this manner are essentially equilibrium spectra, dose
rates derived from these electron spectra must be infinite medium duse rates
(in silicon). Hence, Eq. (3) generalizes to
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For work prior to 1981, the sensitive volume of the Si(Li) detectors was
measured with collimated gamma-ray sources as described in Section 5.3 of the
first NUREG report on the PCA experiments (Ka81). A simpier method has now
been devised. It is based on the photopeak response of a fully depleted
Si(Li) detector. A fully depleted Si(Li) detector possesses no semi-
sensitive or dead regions, so that the sensitive volume is identical to the
physical (or spatial) volume. Since the physical volume of the fully
depleted Si(Li) detector can be accurately obtained from spatial measure-
ments, the sensitive volume of the Janus Si(Li) detectors can be determined
from a comparison of photopeak areas observed with these detectors relative
to those observed with fully depleted detectors.

A fully depleted Si(Li) detector of the same nominal size as the Janus Si(Li)
detectors was used y;th monoenergetic ggmma-ray sources of different
energies, namely, 137¢s (0.6616 MeV), “Mn (0.835 MeV), and Zn (1.116 MeV).
The photopeak areas from these two types of detectors were equal, within
experimental uncertainty, for all three gamma-ray energies. On this basis,
the mass of the Janus Si(Li) detectors was found to be 4.53 + 0.3 g for the
1981 PCA experiments. Since this mass uncertainty dominates the overall
uncertainty in Janus probe dose rate measurements, the relative (lo)
uncertainty in Dj, or equivalently in Dym, is ~7%.

4.3.3 Si(Li) Gamma-Ray Dosimetry Results

Infinite medium dose rates Dy observed with the Janus probe in the 1981

PCA experiments are enumerated in Table 4.3.1. These results have been cor-
rected for Janus probe field perturbation, which varies with both configu-
ration and location (see Section 4.4). These dose rates can be taken as
infinite medium dose rates in steel, It nas already been shown that the
difference between infinite medium dose rates for silicon and iron is
regligible (Ka81).

Table 4.3.2 presents a comparison of experimental and calculated gamma-ray
dose rates for the 4/12 SSC configuration. In addition to the Dy results
from the 1981 Janus probe experiments, this table presents results obtained
by the CEN/SCK a~sup (Fa81,Ma8 ) who performed both TLD measurements and
calculations.

Using the results from all four locations of the 4/12 SSC configuration

given in Table 4.3.2, one finds a Dyw/TLD average ratio of 0,92. Conse-
quently, the Si(Li) and TLD methods agree within experimental uncertainty.

Comparison of these experimental results with calculations does not show
consistent agreement. The extremely low calculational result at the VB
location might be due to inadequate modeiing of the actual geometric
configuration used in the PCA.
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TABLE 4.3.1
INFINITE MEDIUM DOSE RATES* OBSERVED IN THE 1981 PCA EXPERIMENTS

Midplane Configuration

Location 4/12 SSC 12/13 4/12
174 T 220 152 490%**
127 65.4 35.6 -
3/4 T 19.1 9.24 .-
VB 11.0%* 2.56 -

*Dose rates in mrad/h at 1-W PCA power were corrected for Janus
probe field perturbation.

**A perturbation factor of 0.9 has been applied corresponding to
that obtained at the VB location in the 12/13 configuration (see
Table 4.4.1).

***A perturbation factor of 1.16 has been applied corresponding to
that obtained at the 1/4 T location in the 4/12 SSC configuration
(see Table 4.4.1).

TABLE 4.3.2
GAMMA-RAY DOSE RATES* FOR THE 4/12 SSC CONFIGURATION

Midplane Experiment Calculation

Location TLD  Dpy CEN/SCK  Dyw/TLD  Dyw/CAL
/47 255 220 210 0.86 1.05
1727 68 65.4 52 0.96 1.20
3/4 7 215 19.1 19.1 0.89 1.00
V8 11.5 11.0 g 0.96 5.05

*Dose rates in mrad/h at 1-W PCA power.

Extension of continuous gamma-ray spectrometry into the energy region above
3.0 MeV will provide a more comprenensive basis for further comparisons
between experimental and theoretical gamma-ray dose rates. Consequently,
forthcoming LWR-PV-SDIP quarterly reports will feature these PCA comparisons.
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4.4 JANUS PROBE PERTURBATION FACTORS
Raymond Gold, J. P. McNeece, and B. J. Kaiser (HEDL); T. A. Lewis
and P. J. H. Heffer (BNL-UK); and M. D. Carter (AEEW-UK)

4.4.1 Introduction

A significant outgrowth of the collaborative efforts of the CEN/SCK and HEDL
working groups was the recognition and subsequent quantification of the per-
turbation factor (PF) created by the Janus probe. It was conjectured that
the PF arises from the void or semi-voided regions introduced by the Janus
probe into the gamma-ray intensity gradient that exists in the PV block.
Initial analysis of the 1981 work performed in the 4/12 SSC configuration
has already been presented (Go8b) that confirms the existence of such PF.

Since the significance of this PF is now clearly established, further
elaboration on PF measurement and interpretation is warranted. To this end,
Section 4.4.2 below contains a description of the experimental methods used
to measure PF. Analysis and interpretation of the observed PF are then
considered in Secticn 4.4.3.

4.4.2 Experimental Method

Two different gamma-ray dosimetry methods were used to measure Janus probe
perturbation facturs, namely, ionization chambers (IC) and TLD. Both tech-
niques were implemented using a “dummy" Janus probe. Measurements are first
carried out at a given location by incorporating the miniature IC or TLD in
the "dummy" Janus probe. Measurements are then repeated at this location
with the channel completely back-filled with appropriate material so as to
eliminate voids. The perturovation factor (PF) is defined by the ratio

PF = Dp/Dy (1)

Janus peobe and is the unperturbed dose rate observed in the back-filled
channel.

where 0  is the Serturbed dose rate observed in the presence of the “dummy"
u

Special miniature ICs were developed at HEDL specifically for PF measurements
in the PV block. The design of these air-filled ICs is shown in Figure 4.4.1.
There are actually two such chambers, which differ only in the E dimension,
so that a broader response range of gamma Jjose can be covered. The shorter
chamber, with £ = 0.191 in., possesses a full-scale sensitivity of 2.5 rad,
whereas the longer chamber, with E = 0.469 in., possesses a full-scale sen-
sitivity of 25.0 rad. Absolute measurements with these ICs are not necessary
to determine PF, since, as defined in Eq. (1), only the ratio of observations
in the perturbed and unperturbed environments is needed. Use of relative IC
measurements eliminated an otherwise large effort that would have been
entailed for absolute calibration of these chambers.
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E = 0.191 (SHORTER CHAMBER)
FIGURE 4.4.1. Miniature Ionization Chamber Design for the Janus Perturbation

€ = 0489 (LONGER CHAMBER)
Feosm
Factor Measurements in the PV Block.

Janus probe PFs have been determined with these miniature ICs in the 4/12 SSC
configuration during the 1981 PCA experiments. These results have already
been reported (Go82b) and can be found in Table 4.4.1.

Recent work in the LWR-PV mockup in the Nestor reactor at the Atomic Energy
Establishment, Winfrith (AEEW), UK, provided an opportunity to measure PF
for the 12/13 configuration. These measurements were carried out, in part,
under the auspices of the Nestor Dosimetry Improvement Programme (NESDIP).
While data from gamma spectrometry efforts at NESDIP have not as yet been
analyzea and are to be issued in a later NUREG report, the relevance of
these recent PF results for the 1981 PCA work warrants inclusion of these
NESDIP-PF measurements in this report. PF measurements at NESDIP were
carried out in the 12/13 configuration with beryllium oxide TLDs.

The use of beryllium oxide TLUs has been developed for measuring gamma expo-
sures in the presence of thermal neutrons in gas-cooled reactors. Although
chosen primarily for low thermal neutren sensitivity, the BeO TLDs have an
adgvantage over other low thermal neutron sensitive materials of being

d ietrically well matched to the graphite medium in which they are nor-
mally usea. They are less well matched to steel, and future work is planned .

to evaluate the degree of correction necessary. This work should not affect
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TABLE 4.4.1
JANUS PROBE PERTURBATION FACTORS

PCA - 4/12 SSC NESDIP - 12/13

Location dC TLD IC
R -- 1.12 --
1/4 T 1.16 1.30 1.27
127 1.14 1.24* --
3/4 7 1.1 1.18 --
Ve -- 0.90 --

*Since the 1/2 T location is not readily available at NESDIP,
this value was obtained by linear interpolation of the 1/4 T
and 3/4 T results.

perturbation factor meaggrements. Dosimetry values for BeO TLDs are usually
quoted in roentgens of °YCo, which describe the amount of thermolumingacence
measured relative to that measured by the same TLD exposed to 1 R of °YCo
build-up in graphite.

Considerable effort has gone into establishing the use of Be0 for in-reactor
measurements. The material used has two glow peaks in the range of most TLD
readers: one at ~180°C and one at ~300°C. The higher temperature peak was
found to be reproducible and linear up to at least 100 R. Pure beryllium
oxide was found to be unsuitable. Material with a higher temperature 3low
peak at least as large as the less predictable lower temperature peak has
been chosen. The material is sintered into discs 6 mm in diameter and

0.5 mm thick.

In this form the TLDs have been shown to measure less than 0.005 R per 1010
thermal neutrons above the equilibrium mixed field that exists in a pure
graphite thermal column. The fast neutron response has not yet been meas-
ured definitively, but all indications are that the value will be ~20%

less than LiF TLD chips.

4.4.3 Analysis and Interpretation of PF Results

PF results obtained for the 12/13 configuration at NESDIP are presented in
Table 4.4.1, where earlier 4/12 SSC results obtained at the PCA are included
for comparison. Oue to the limitations of the miniature IC design as well
as NESTOR power operation, IC measurements could be carried out only for the
1/4 T location of the 12/13 configuration at NESDIP. The gamma-ray inten-
sity levels that could be attained at the 3/4 T and VB locations were too
low to provide reliable readings. Moreover, it is well to note that the
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design of these miniature ICs, shown in Figure 4.4.1, restricts applicabil-
ity for PF measurements to the PV block. In view of the restricted nature
of the IC results for the 12/13 configuration, the BeO TLD results, which
represent a consistent set of PF for the 12/13 configuration, are recom-
mended for use at this time. Nevertheless, it is important to stress that
the IC ana TLD results agree within experimental uncertainty at the 1/4 T
location of the 12/13 configuration.

PF results shown in Table 4.4.1 vary with both configuration and location.
In order to understand this behavior, it is instructive to examine the spa-
tial dependence of dose rates within the PV block. Figure 4.4.2 compares
(uncorrectea) finite-size dose rates for the 4/12 SSC and 12/13 configura-
tions. It is clear from Figure 4.4.2 that the 12/13 configuration gamma
data possesses a larger gradient. In light of the results in Table 4.4.1,
one finds that, when the Janus probe is used in a field possessing a larger
gradient, the PFs are, in turn, larger.

GAMMA DOSE IN PCA BLOCK
+ 412 SSC CONFIGURATION
*# 12713 CONFIGURATION

1000 =
2 P
: k.3 .
— A
b T
® E 3
g 3 \\\ 3
: }\.\ ‘\\ :
é i \\\\\\fﬁk }
" .
F-JJ 18 E \\\\'\ 3
b = - -'i
; E \\i
1 - " — i - il o

J

..
—

35.0 39.0 43.0 47.0 S1.@8 6S5.
DISTANCE FROM CORE CENTER TN CM

L]

FIGURE 4.4.2. Comparjson cf the Spatial Behavior of the Finite-Size Dose
Rate, D§§. for the 4/12 SSC and 12/13 Configuraticns. (The
smooth 1ines are linear least-squares fits of the logarithm
of the experimental data.)
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This conclusion is also supported by the PF result for the A2 water position
of the 12/13 cenfiguration. This PF result, namely 1.12, is essentially as
low as any result obtained within the PV block for either the 12/13 or

4/12 55C configuration. However, it is well known that water is a rather
poor attenuator of gamma -adiation compared with the iron medium of the PV.
Hence gamma-ray intensity gradients at water locations are generally less
Lhan those in the PV block, and the corresponding Janus probe PF is indeed
lower. Consequently these overall PF results confirm the original conjec-
ture that Janus probe PF stem from the introduction of voids or semi-voided
regions into a gamma field possessing an intensity gradient.

The existence of a PF less than unity for the VB location of the 12/13 loca-
tion can also be qualitatively explained. Comparison of the Janus probe
with a point detector for measurements in a void reveals that the probe must
produce some attenuation of gamma radiation in the solid angle that the
probe subtends at the Si(Li) sensitive volume. Consequently in a void, one
must expect that the perturbed dose rate Dy would be less than the unper-
turbed dose rate U,. Hence an observed PF of less than unity for the VB
location of the 12713 configuration is in accord with very simple physical
considerations.

From a rigorous viewpoiat the PF considered here are dose PF. Consequently,
use of dose PF for spectral adjustments, such as those carried out in
Section 4.2, must obviously be justified. To this end, Figures 4.4.3
through 4.4.6 present the 1/4 T to 1/2 T and the 1/2 T to 3/4 T spectral
ratios obtained from the 1981 PCA experiments for the 4/12 SSC anc 12/13
configurations. These figures demonstrate that spectral changes within the
PV block are small compared with intensity changes. Fluctuations arising in
these spectral ratios can be attributed, in the main, to statistical uncer-
tainties that exist in the unfolded gamma spectra. These statistical fluc-
tuations can often be exacerbated in the neighborhood of peaks that arise
above the general intensity level of the gamma continuum, such as near the
¢.Z2-MeV peak that arises due to the capture gamma ray from hydrogen.

Table 4.4.2 compares the average of these spectral ratios with the corres-
ponding Janus probe finite-size dose ratio. The quoted uncertainty in

Table 4.4.2 is simply the standard deviation of the average spectral ratio.
Three of the four comparisons in Table 4.4.2 agree within a le uncertainty
and all four agree within a 2o uncertainty, even ignoring the uncertainty

in the dose ratio. Hence it is clearly established that these dose PFs can
be used for spectral adjustments. Moreover, the highest observed PF, ~1.30,
corresponds to a correction of ~30%, which is at least an order of magnitude
smaller than the dose ratios, ~3.5 to ~4.5, shown in Table 4.4.2. Thus,
scaling the data in Table 4.4.2 down to the level of observed Janus probe PF
would rencer any error introduced into a corrected spectrum by use of dose PFs
consigerably less than other sources of experimental uncertainty.

Finally, the effect of the finite size of the IC or TLD in these experiments

must be considered, sirce detectors of finite size could possibly introduce
a bias in the observed PF. However, the semi-voided region introduced by the
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TABLE 4.4.2
COMPARISON OF AVERAGE SPECTRAL RATIOS AND DOSE RATIOS

(1/4 T)/(1/2 1) (172 T1)/(3/4 1)
Average “Averaae
Spectral Dose Spectral Dose
Configuration Ratio Ratio Ratio Ratio
4/12 SSC 3.98 + 0.37 3.43 3.75 *+ 0.26 3.5]
12/13 4.29 + 0.43 4.49 3.99 + 0.26 4,05

miniature IC is easily an order of magnitude smaller than those introduced
by the Jarus probe. For the BeO TLD, the semi-voided region introduced is
considerably smaller than those introduced by even the miniature IC. Hence,
volume scaling of even the highest observed PF, ~1.30, renders any pertur-
bation 1ntroduced by the IC or TLD negligible. This conclusion is also sup-
ported by the agreement, within experimental uncertainty, between the TLD
and IC observed PF for the 1/4 T location of the 12/13 configuration, even
though the semi-voided region produced by the TLD is roughly an order of
magnitude smaller than that introduced hy the miniature IC.
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4.5 GAMMA-RAY RESPONSE OF INTEGRAL NEUTRON DOSIMETERS AND REVIEW OF
MEASURED 235y FISSION RATES

E. D. McGarry, C. M. Eisenhauer, G. Minsart, Raymond Gold, F. Ruddy,
A. Fabry, and F. B. K. Kam

§.35.1 Current Status and Summary

Experimental results for the (n,f) and (n,n') neutron dosimetry reactions may
include contributions from photofission reactions (y,f) and other photon-
initiated reactions (Y,Y'). To date most investigations of photofission for
the LWR-PV program have been theoretical. HEDL has measured gamma-ray spectra
in the PCA, and these data are presented in Section 4.2. Transvort calcula-
tions of photofission use coupled cross-section libraries so that both neutron
and gamma fluxes are derived. The fluxes are then convoluted with neutron and
photonuclear cross sections to determine the fraction of the total reaction
rate due to photonuclear effects.

This section presents calculated correction factors for the 4/12 SSC PCA con-
figuration and reviews those for the 8/7 and 12/13 configurations. Further
discussion of photofission corrections for the 8/7 and 12/13 configurations
may be found in (Mc81).* Because of their predominent influence on gamma-ray

generation, thermal and epithermal fluxes are examined by reviewing bgre and
cadmium-covered 235y fission rates.

Neutron and gamma calculations for the 4/12 configuration (by G. Minsart,
CEN/SCK) indicate that ghotoreaction effects are larger for the 238y(n,f)
reaction than for the 2 7Np(n,f) and 235y reactions, but all are smaller than
the same three reactions in the 8/7 and 12/12 configurations (see, for
example, Table 4.5.1).

TABLE 4.5.1

COMPARISON OF CALCULATED "HOTOFISSION IN 238y IN THREE
CONFIGURATIONS OF THE PCA/LWR PRESSURE VESSEL SIMULATOR

In Simulator Block Percent Photofission in the
Position 238y(n,f) Reaction
8/7 12/13 4/12 ssc
1/4 T 2.4 3.7 2.1
1/2 1 1.5 1.9 1.3
3/4 T 5.4 4.0 1, 5%*

*Except for the 232Th(n,f) reaction, which is given for all three configura-

tions in Table 4.5.3 of this section.
**Revised later in this section to 2.6.
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One immediately has questions about the apparent differences in the correc-
tions for the 3/4 T position. NBS has rechecked the folding of spectra with
the cross sections and found that the anomaly is due to differences in the
gamma spectra, and these stem from differences in the calculational models of
the cavity, Based upon examinations of the thermal and epithermal fission
rates in 2350 and assuming that the trend of the 4/12 SSC data should be much
like that of the other PCA configurations, the "1.5" values have been revised
upward to 2.6 percent,

Photoreaction effects are geometrically and spatially dependent. Most of the
photon-induced contributions far from the reactor originate from epithermal
neutron capture in structural materials, mainly iron. Capture gamma rays in
hydrogen (water) have too low an energy to induce photofission. However, the
presence of water between the reactor and the structure tends to enhance the
ratio of epithermal -to~fast neutrons, and *his results in more photofission at
the 1/4 T locations of the 12/13 configuration than for the 8/7 (or the

4/12 88C, which has less water thickness than the 8/7 configuration because of
the presence of the SSC on the back of the thermal shield). The photofission
at the 3/4 T position of the PV simulator block is more difficult to explain.
It is due to both neutron capture in the steel nearer the reactor and produc-
tion locally from epithermal and thermal neutrons returning frcm the ex-vessel
cavity walls. Because the photoreaction effect in the 3/4 T is generally
larger, the cavity return contribution presents a problem. Cavities vary
significantly in size even for the same type of reactor.

4.5.2 Photoreaction Effects in the 4/12 SSC Configuration

Table 4.5.2 summarizes the photofission contributions for the 4/12 SSC con-
figuration. The effects are noticeably larger in the void box. These calcu~
lations were done by G. Minsart, CEN/SCK (Mol, Belgium). The gamma part of
the EURLIB-3 library was linked to a 40-group fast plus thermal cross-section
set, currently in use at Mol for study of the BR-3 PWR reactor. The calcu-
lated fluxes were folded with NBS photofission ard ENDF/B-V neutron cross sec-
tions by C. Eisenhauer, NBS.

Table 4.5.3 summarizes the photofission contributions for 232Th(n,f) for all
the PCA configurations.

Similar calculations were done at ORNL for the 12/13 configuration. A com-
parison with the 12/13 CEN/SCK calculations is given in Tables 4.5.4 and
4.5.5. Also shown in the first two of these tables are comparisons with HEDL
SSTR data. Note that two SSTR values are given to show the effect of a renor-
malization discussed and substantiated in Section 5. The agreement, except
for the cadmium ratios, is less than for other measurements in this report;
but no great effort has been devoted to the task of assessing high accuracies
because thermal and epithermal neutron accuracies of 7% are considered satis-
factory for PCA program objectives of the 8/7 and 12/13 investigations (see
further data in Section 4.5.4 for the 4/12 8SC).
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TABLE 4.5.2

SUMMARY OF PHOTOFISSION EFFECTS IN THE 4/12 SSC CONFIGURATION

OF THE PCA-LWR PRESSURE VESSEL MOCKUP EXPERIMENT

Relative Fluxes* x 105

¢V
Position Gamma (>6.5 MeV) Neutron (>0.8 MeV) ‘n
SSC 189.0 473.0 0.400
1/4 T 13.2 39.3 0.336
1/2 1 3.27 20.4 0,182
3/4T 1.87 10.0 0.187
VB 3.37 3.14 1.070

Reaction Rate Ratios: B(y¢a)
R(n)

Position 3222 3322 E}]N
SSC 1.0002 1.026 1.007
1/4 T 1.0001 1.021 1.004
1/2 1 1.0001 1.013 1.002
3/4 T 1.0001 (1.026)%* (1.005)%*
VB 1.0001 1.086 1.010
*Revised calculation by G, Minsart on June 24, 1980. The

calculated fluxes are normalized. To obtain actual fluxes,

in units of (n/cm?-s)/(n/s of PCA power), multiply by
8.86 x 1074,

**Revised,
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TABLE 4.5.3

SUMMARY OF PHOTOFISSION EFFECTS FOR THE 232Th(n,f) REACTION IN THE

Position

TSF
TSB
PVF
1/4 T
1/2 T

3/4 T

Position

SsC

1/4 T
1/2 1
3/4T

VB

PCA-LWR PRESSURE VESSEL SIMULATOR

Reaction Rate Ratios: Bﬁ%i%l
n

8/7 Configuration* 12/13 Configuratioan*

1.028 1.031
1.099 1.080
1.110 1,133
1.058 1.084
1.038 1.046
1.144 1.102

Reaction Rate Ratios: R{y*n)
R(n)

4/12 SSC Configuration

1.058

1."5?

1.232

*Actual calculations for a 8.4/6.7 configuration.
**Actual calculations for a 12.3/12.8 configuration.
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TABLE 4.5.4

SUMMARY OF MEASURED AND CALCULATED 235y(n,f) FISSION RATES
IN THE PCA 12/13 IN FISSIONS/NUCLEUS/CORE NEUTRON

Al A3M A4 AS A6
Bare Meas. 2.45-26% 8.08-28 -—- 9.61-31 4.80-31
Bare Calc. 2.40-26 8.70-28 2.58-30 6.94-31 2.99-31
C/E 0.98 1.08 -—- 0.72 0.62
Cd-covered Meas,** 1.87-28 6.39-30 1.51-30 7.70-31 4.38-31
Cd-covered Calc.*** ],71-28 6.35-30 1.30-30 6.16-31 2.80-31
C/E 0.91 0.99 0.86 0.80 0.64
Cd Ratio Meas,** 1.87-28 6.39-30 1.31-30 6.70-31 3.81-31
Cd-covered Calc.*** ], 71-28 6.35-30 1.30-30 6.16-31 2.80-31
C/E 0.91 0.99 0.99 0.92 0.73
Cd Ratio Meas,**¥% 131 126 —-—— .35 1.10
Cd Ratio Calc.¥*** 140 137 1.98 .13 1.07
C/E 1.07 1.07 - 0.90 0.97

*Read 2.45x10726 figsions/nucleus/core neutron. Mol fission chamber
results in the water, and HEDL SSTR results in the iron.

**Calculated assuming a cadmium cutoff of 0.414 eV. The corresponding
values in water for a cutoff of 0.58 eV are about 10% less (10% more
in the Cd ratio).

***The first set of calculated values refer to "as-measured" 235y ssSTR
data. The second set are these data corrected by the (Oct'78)/(Nov'81)
237yp SSTR fission rate ratio 1.149.

****Measured cadmium ratios are same for both data sets.

Table 4.5.5 summarizes 235U(n,f) cadmium-covered fission rate measurements made
with different chambers., Differences between the fission chamber results were
noted very early in the program. The NBS fission chamber results are expected
to be lower due to the presence of platinum deposit backings. For this
reasons, the NBS 235y measurements are discarded and no further measurements
have been taken. The geometry of the fission chamber case is complex and the
cadmium cutoff depends on the neutron spectrum. The effective Cd cutoff
energies are different in all three cases due to differences in the Cd shields
used and the sharper dropoff of the SSTR fission rates in the block is con-
sistent with the lower effective Cd cutoff in the SSTR case.
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TABLE 4.5.5

COMPARISON OF 235y CADMIUM-COVERED FISSION RATES
IN PCA 8/7 CONFIGURATION

Ratiog¥*
Fission Chamber Data¥* CEN/SCK SSTR CEN/SCK
Loc. NBS CEN/SCK SSTR Datak* NBS NBS SSTR

1/4 T 9.20#2.5% 9.74*0.6% 10.06%2.6% 1.06%0.03 1.09+0.04 0.97+0.03
1/2 T 4.59%2.5% 5.03%3.0% 4.85%3.0% 1.10%0.04 1.06*0.04 1.04%0,04
3/4 T 2.30#2.5% 2.47%3,0% 2.26%2.3%2 1.07%0.04 0.98%0.03 1.09:0.04

Avg 1.08%0,02 1.04%0,06 1.03%0.9%

*All data have been corrected to the geometrical configuration of the PCA
used after June 1979.

**Units of [fission/(atom*s)] x 1015 at 9,75-kW absolute core power.

Finally, a comparison of gamma-ray with neutron fluxes for the present ORNL
calculations as well as the earlier revised calculations of Mensart (Mol)
os shown in Table 4.5.6.

TABLE 4.5.6

COMPARISON OF GAMMA-RAY FLUXES ABOVE 6.5 MeV
WITH NEUTRON FLUXES ABOVE 0.8 MeV
FOR ORNL AND MOL CALCULATIONS

Al A2 A3M A4 A5 A6

Gammas >6.5 MeV, ORNL 1.72-6  3.57-7 2.26-7 3.14-8 7.53-9 1.89-9
Gammas >6.5 MeV, Mol 1.26-6 4.16-7 2.50-8 4.35-8 1.04-8 1.03-8
Neutrons >0.8 MeV, ORNL 3.95-6 4.40-7 1.43-7 5.01-8 2.42-8 1,09-8

Neutrons >0.8 MeV, Mol 4.41-6 5.23-7 1.70-7 6.37-8 3.31-8 1.61-8
¢Y/¢n, ORNL 0.435 0.811 1.58 0.627 0.311 0.173
¢Y/¢n, Mol 0.286 0.795 1.47 0.680 0.31¢ 0.640
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By 56 Estimates of Photofission in the Void Box Position and Near
Cadmium Covers Throughout the PCA

Sufficient calculations have not been done to permit derivation of the calcu-
lated photofission corrections for the void box positions of the 8/7 and 12/13
configurations. Early planning and measurements tended to underestimate the
importance of the void box and, consequently, so did the calculations., Table
4.5.7 reviews the relative behavior of the measurements in the PV block for
all three configurations (8/7, 12/13, and 4/12 SSC) and then provides esti-
mates proportional to that behavior and the calculated 4/12 SSC void box
results,

Also, so far, photofission has been viewed as a result of photons from either
the reactor core or from thermal and epithermal neutron capture in structural
materials (primarily iron). There is also photofission from gammas produced
by thermal neutron capture in the cadmium covers on the fission chambers. The
following data will, however, show that it is a small effect even for the low
count rate 3/4 T and void box positions.

NBS has measured fission rates of cadmium-covered, highly-depleted uranium in
a thermal column with and without a surrounding shell of boron-10. The result
is that there are only 10-9 fissions-per-second per milligram of uranium per
unit of thermal fluence rate. For typical heavy mass deposits containing

800 microgrems of uranium in thermal fluxes of 108 n/cmz's, the neutron
fission counting rate is about 5 counts per second while the gamma-induced
photofission rate is at most 0.1 counts per second.

4.5.4 Investigations of the Effects of the Presence of Simulated
Surveillance Capsule (SSC) on Thermal and Epithermal Fluxes

More extensive 235U fission rate measurements have been made of the PCA
4/12 SSC configuration than previous configurations because it serves as the
physics~dosimetry and calculational benchmarks for the high-flux Simulated
Dosimetry Measurements Facility (SDMF) now operational at the Oak Ridge
Research Reactor. The following results are most useful for at least two
purposes:

1. Test the "synthesis" transport theory modeling of PCA: finite-size
effects due to the simulated surveillance capsule (SSC) are sizeable,
especially for cadmium-covered 235U(n,f), see Figs. 4.5.1 and 4.5.3. 1In
addition, Fig. 4.5.2 suggests finite-size effects (but of small impor-
tance) stemming from the thermal shield and pressure vessel simulator.
Also, the upper part of Fig. 4.5.2 may lead one to believe that the SSC
perturbation is no longer significant at approximately 275 mm above reac-
tor midplane, but such is not the case, as Figs. 4.5.1 and 4.5.3 clearly
show.

2. Test the adequacy of epithermal and thermal-neutron induced gamma-ray

source terms in coupled neutron-gamma transport theory calculations of
energy-deposition rates in steel.
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TABLE 4.5.7

ESTIMATION AND COMPARISON OF PHOTOFISSION CORRECTIONS IN THE VOID BOX AND
OTHER POSITIONS OF THE PCA SIMULATOR 4/12 SSC, 8/7, AND 12/13 CONFIGURATIONS

2380 Results*
Reaction Rate Ratios: R(y+n)/R(n)

4/12 ssc 8/1 12/13
1/4 T 1.021 1.024 1.037
1/2 T 1.013 1.015 1.019
3/4 T 1,026%* 1.054 1.040
VB 1.086 (1,142)%%% (1,115 )%%%
237

Np Results*

Reaction Rate Ratios: R(y+n)/R(n)

4/12 ssc 8/1 12/13
1/4 T 1.004 1.006 1.010
1712 2 1.002 1.003 1.004
3/4 T 1,005%% 1.008 1.007
VB 1.010 (1.016 )% (1,012)%%*
232Th Results

Reaction Rate Ratios: R(y+n)/R(n)

4/12 ssc 8/1 12/13
1/4 T 1.053 1.058 1.084
1/2 T 1.034 1/038 1.046
3/4 T 1.039 1.144 1.102
VB 1.232 (1.342)%%*% (1,285)%%*x

*Numbers not in parentheses are from Minsart's calculation of spectra
were then folded with photofission cross sections by Eisenhauer.
**Modification discussed early in this section.
***Estimated from 4/12 SSC behavior.

Whereas the graphs of Figures 4.5.1 and 4.5.2 demonstrate the effects of hang-

ing a slab of steel (the SSC) on the back of the thermal shield, Figures 4.5.3

and 4.5.4 show the vertical variations of epithermal and thermal fluxes between

the 1/4 T and 1/2 T locations of the 4/12 SSC configuration. Also, since the

figures show ratios of measurements, Tables 4.5.8 through 4.5.11 are included to

provide the actual data and precision for all measurements. These tables provide ‘
bare and cadmium-covered, absolute fission rates based on measurements with a

miniature, cylindrical-geometry Mol chamber. This chamber has a 235y mass of

4.72 (+#1.5%) ug as measured at NBS (Mc8l1).
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TABLE 4.5.8

PCA 4/12 CONFIGURATION: 1/4 T LOCATION*

Distance(a) 235)(n,£) Fission rate(b)(c) Cadmium Thermal(P)(c)(d)

from midplane [fission/nucleus s) ratio flux
(ma) Bare Cadmium-covered (ew~2 o~1)
~165 4.099,-14 (:0.92) 1.602,-14 (*0.62) 2,579 (21.27) 4.34,47 (£1.5%)
~100 4.476 (+0.5%) 1.757 (+1,0%) 2.548 (*+1.1%) 4.73 (t1,02)
- 25 4.706 (£1.i%) 1.844 (£1.12) 2,552 (£1.5%) 4.98 (t1.92)
+ 51 4.524 (t1.02) 1.757 (£0,8%) 2.575 (*1.3%) 4,81 (t1.72)
+103 4,048 (£1.0%2) 1.615 (£0.7%) 2,506 (+1.2%) 4,22 (£1.7%)
+154 3.533 (t1.0%) 1.411 (+1.02) 2.503 (+1.42) 3.68 (t1,8%)
+203 2.948 (t1.1%) 1.190 (t1,62) 2,477 (£1.9%) 3.06 (£2.1%)
+240 2.432 (+2.5%) 0.989 (£1.7%) 2.460 (+3.00) 2,51 (t4.4)
+279 2.062 (r2.02) 0.803 (£1.02) 2,568 (t1.42) 2.18 (+1.8%)

*Footnotes labeled as (a), (b),... are found after Table 4.5.11,

TABLE 4.5.9

PCA 4/12 SSC CONFIGURATION: 1/4 T LOCATION*

Distance(a) 235y (n,¢) Fission rate(b)(c) Cadmium Thermal (B)(c)(d)

from midplane (fission/nucleus s) ratio flux
(ma) Bare Cadmium~covered (ew™2 4~1)
~165 6.809,-14 (*0,7%) 3.247,~14 (10.62) 2.097 (+0.92) 6.19,+7 (11.4%)
-100 7.633 (t2.0%) 3.638 (10.92) 2.098 (+2.2%) 6.95 (£3,9%)
- 23 8.063 (*0.72) 3.780 (10.82) 2,133 (£1.12) 7.45 (+1.5%)
+ 51 1.574 (*0.7%) 3.500 (10,92) 2,127 (£1.1%) 6.98 (£1.5%)
+103 6.569 (to0.81) 3,040 (10.62) 2.161 (¢+1.0%) 6.13 (+1.62)
+154 5.315 (t0.92) 2,404 (10.92) 2,211 (£1.,3%) 5.06 (t1.8%)
+20) 4,106 (*0.82) 1.795 (t1.0%) 2,287 (+1.3%) 4.02 (t1,6%)
+240 3.124 (*0.81) 1.356 (*1.42) 2,704 (t1.6%) 3.07 (+1,8%)
+279 2.507 (10.92) 1.025 (*0.92) 2,447 (£1.3%) 2.58 (t1.6%)

*Footnotes labeled as (a), (b),... are found after Table 4.5.11,
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PCA 4/12 SSC CONFIGURATION:

TABLE 4.5.10

1/4 Tyeg LOCATION®

Distance(®) 235y(n,f) Fission rate(®)(c) Cadmium Thermal (b)(c)(d)

from midplane [fission/nucleus 8] ratio flux
(am) Bare Cadmium-covered (cw~2 g-1)
~165 5.916,-14 (£0.5%) 2.809,-14 (%0,5%) 2.106 (+0.7%) 5.40,+7 (£1,0%)
-100 6.652 (20.42) 3.128 (£0.72) 2.126 (:0.8%2) 6.13 (+1.02)
- 25 6.816 (+0.5%) 3.2 (+0.7%) 2,119 (20.92) 6.25 (£1.1%)
+ 51 6.341 (+0.7%) 2,948 (£0.4%) 2.150 (£0.82) 5.90 (£1.42)
+103 5.377 (10.42) 2.506 (£0.7%) 2.146 (:0.8%) 4.99 (£1.0%)
+154 4.300 (+0.3%) 1.940 (+0.42) 2.216 (£0.5%) 4.10 (10.7%)
+203 3.2 (£0.3%) 1.433 (t0,5%) 2.318 (£0.62) 3.29 (¢+0.72)
+240 2.600 (£0.5%) 1.110 (£6.32) 2.342 (£0.62) 2.5%9 (¢1.0%2)
«279 2,164 (s1.0%) 0.840 (x0.82) 2.552 (£1.3%) 2.27 t1.7%)

*Footnotes labeled as (a), (b),... are found after Table 4.5.11. The Toee

location is an off-center

location at the same depth into the PV simulator block as the 1/4 T location.

TABLE 4.5.11

PCA 4/12 SSC CONFIGURATION:

1/2 T LOCATION*

Distance(®) 235y(n,£) Pission rate(®)(c) Cadaium Thermal(®)(e)(d)

from midplane [fission/nucleus s) ratio flux
(o) Bare Cadmium-covered (ca~? o~1)
~165 1.987,-14 (t1.6%) 1.577,~14 (t0.61) 1.260 (£1.7%) 7.14,47 (%8.1%)
~100 2,172 (£1.22) 1.756 (%0.7%) 1,237 (£1.43) 7.24 (£6.9%)
- 23 2.251 (t1.1%) 1.811 (%0.92) 1.243 (11.41) 7.66 (16.7%)
+ 51 2.114 (t1.0%) 1.720 (*0.72) 1.230 (£1,2%) 6.86 (6.22)
+103 1.834 (10.6%) 1.477 (%0.82) 1.241 (%1,0%) 6.19 (t4,.5%)
+154 1.496 (10.6%) 1.216 (t1.1%) 1.231 (£1.2%) 4.88 (25.72)
+203 1,159 (10.75%) 0.955 (*1,.52) 1,214 (£1.7%) 3,55 (8,22)
+240 0.933 (t1.6%) 0.749 (*1.8%) 1.245 (*2.42) 3,19  (*11.0%)
279 0,807 (t0,.8%) 0.593 (*1,82) 1.360 (%2.0%) .72 (15,82)

*Footnotes labeled as (a), (b),... are found after Table 4.5.11,
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(a)

(b)

(c)

(d)

Footnotes to Tables

Relative uncertainty from one vertical position to another estimated as

+1 mm,

Absolute uncertainty: < +5 mm,

Corrected to a PCA core power of 10,0 kW, using the data compiled in
Table 1.3.1 of report NUREG/CR-1861 (see "period B" of PCA program
history). The runs were performed September 5-10, 1979; for some of
them, the NBS run-to-run monitor was not in service and a sealed Mol
fission chamber monitor in the pressure vessel simulator was used, but
the uncertainty added by this does not exceed +0.4X. The actually
"measured" run powers range from 9.21 kW to 9. 39 kw.

The quoted uncertainties are random (i.e., precision only) and given for
a 68.3% confidence interval (l0), They include power fluctuations,
counting statistics, and reproducibility (measurements at a given
distance from reactor midplane are generally always repeated, i.e., the
traverse is taken with the chamber going down and then up). Electronic
stability from run-to-run is verified daily and, if it causes any bias,
this does not exceed 0.5%. The absolute fission rate and thermal neutron
flux scales are based on a mass of uranium-235 of 4.72 pg (+1.5%) as
measured at NBS (NUREG/CR-1861).

Obtained by subtracting the cadmium-covered from the bare chamber

response and dividing by an effective cross sec*ion gg, = 575 b. This
assumes that the thermal neutron spectrum is Maxwellian; considering such
simplification and the neglect of other small corrections (which can only
be applied through more extensive theoretical analysis accounting for the
real spectrum shape at che thermal-to-epithermal joining), it is prudent
to assign an additional systematic uncertainty of +3% to these data.
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5.0 TRANSPORT (NEUTRON AND GAMMA) RESULTS
F. B. K. Kam (ORNL)

SUMMARY

This section is in preparation and will bg¢ added during a future revision
of this document.
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5.1 ORNL ANAIYSTS

- 7 29 ° Neutron and Gamma Transport Results fo- 12/13 Configuration
R. E. Maerker, M. L., Williams, F. B. K. Kam, and C. A, Baldwin

2. 011 Introduction

The analysis and results presented in this section document the coupled neu-
tron and gamma transport calculations performed at ORNL for the 12/13 con-
figuration of the PCA. A modification to the existing 47n-207Y coupled SAILWR
cross section library (Si80) was made to correct the thermal group crcss sec-
tions for effects of upscattering. The resulting cross section library was
used throughout the calculations. Broad group thermal cross section modifica~-
tions were obtained by collapsing from a 127 group tramsport calculation, the
lowest 35 groups of which were thermal. Slight adjustments wcre made in the
broad group values to make them correspond to the same broad group structure
as the SAILWR library. Changes were made in o,, ovg, and o, for groups 45,
46, and 47, and in the downscattering cross sections to each of the gamma
groups from neutron groups 45, 46, and 47. The only changes important enough
to incorporate (>4%) were for 2350, Al, Cr, Mn, Ni, and Fe, the latter being
divided into two zones, an inner 12.5 cm of the pressure vessel, and an outer
5 em, front ov back, which also can be used to represent the iron in this
therwal shield. Terhaps surprisingly, no significant changes in the hydrogen
thermal cross sections occurred., Changes at times amounted to 30% of the oci-
ginal SAILWR values.

The transport calculations were performed with DOT4.3, a two-dimensional
discrete ordinates code, using the same general procedure for obtaining three-
dimensional fluxes as was described in our analysis of the PCA several years
ago (Ma8lb), in which

d(x,y,2z) = o(x,y)o(y,z)/o(y) . (5-1)

Although the source generation procedures utilized for the calculations cited
in the previous reference and those utilized herein are somewhat different,
both procedures yield the same resultant normalized fluxes. In particular,
the sources for the xy, yz, and y calculations utilized herein are obtained by
integrating the three-~dimensional source in the appropriate transverse direc-
tions, and the sources for the above calculations are normalized to 1 n/e in
the core and scaled based on the three~dimensional distribution,

Only two difficulties were experienced in the execution of the runs: one
major and one minor., The minor ¢ifficulty occurred in the convergence of the
thermal flux (group 47), where some 250 inner iterations were required before
the flux converged to the preset criterion of 10~3, Subsequent discussions of
this problem with more experienced personnel have led to the conclusion that
use of the diffusion acceleration option would have reduced the number of
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iterations considerably., A more serious difficulty arose when comparisons of
the denominator in Eq. 5-1 were made with &(y) determined by:

*(y) = Jl;(y,z)d: . (5-2)

The range of z should have been sufficient to essentially produce a converged
result (three feet ou either side of the midplane), and indeed the discrepancy
is small (<5%) for all neutron and gamma-ray fluxes out to and including
detector A4 at 1/4 T. As the penetration depth increases through the pressure
vessel, however, the discrepancy increases at detector A5 (1/2 T) from 9% for
a few low energy neutron groups to 63% at detector A6 (3/4 T) for the thermal
group. All remaining group fluxes still compare reasonably well in the pres-
sure vessel (<10%Z). When the fluxes at A7 (void box) are compared, however,
discrepancies in the 30-80X range are common for the lower energy neutron
groups and all the gamma-ray groups. These discrepancies may be due to void
effects associated with the calculations. The values used for the denominator
of Eq. 5-1 in the flux synthesis are those cal-~ulated from the effectively
one~dimensional DOT run, ¢(y), since they are not subject to the problem of
integral convergence that integrating the two-dimensional fluxes might be,

5.1.1.2 Results

Fluxes using Eq. 5~1 were synthesized and written on tape for both the neutron
and gamma ray groups at locations Al, A2, A3M, A4, A5, and A6, Comparisons of
the saturated activities calculated by folding these 47 group neutron fluxes
with END/B-V dosimetry cross sections with earlier calculations using a 5l
neutron group to 171 neutron group scaling technique indicate that the present
calculations reproduce the earlier results very well even though the group
structure in the present calculation is much coarser.

The comparisons of the calculated 235y(n,f) activities with measurements are,
of course, unique to the present analysis since the earlier calculations did
not stress the low energy portion of the neutron spectrum., These present com-
parisons should be a good indication of the accuracy of the calculated gamma-
ray fluxes, since most of the high-ener;y gamma-ray flux comes from thermal
and epithermal capture in the steel and aluminum window, The calculated
235y(n,f) reaction rates presented in Table 5.1.1 were based on folding the
thermal and epithermal fine group cross section in the 127 group structure
with scaled fine group fluxes calculated through the iron in the collapsing
procedure. (Recall that the modified thermal cross sections used to replace
the original SAILWR values for 235y were collapsed from fluxes calculated in
the core.) A Maxwellian spectrum at T = 300°K with 1/E tail in the epicadmium
region was used to collapse the 235 U(n,f) cross sections in water, These com-
parisons indicate absolute agreement to within about 10% at all locations
vhere measurements have so far been reported so that there is every reason to
anticipate similar agreemert with the gamma-ray measurements when they become
available, The treatment of the core gamma-ray source in the DOT calculations
ircluded only the contribitions from prompt fission and capture. The gamma
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production cross sections do not include the contribution from fission product
gammas but there is little PCA fuel burnup so this omission should result in
negligible error in the calculations,

TABLE 5.1.1

SUMMARY OF COMPARISONS OF MEASURED AND CALCULATED 235y(n,f)
REACTION RATES IN THE PCA 12/13 IN FISSIONS PER NUCLEUS PER CORE NEUTRON

Al A3M Ab A5 A6
Bare meas. 2.45-26% 8.08-28 8.03-31 4.,01-31
Bare calc. 2.40-26 8.70-28 2,.58-30 6.94~-31 2.99-31
C/E 0.98 1,08 0.86 0.75
Cd-covered meas, 1.87-28 6.39-30 1.26-30 6.43-31 4,01-31
Cd-covered calc ,** ],71-28 6.35-30 1.30-30 6.16-31 2,.80-31
C/E%* 0.91 0.99 1.03 0.96 0.77
Cd ratio meas. 131 126 1.25 1.10
Cd ratio calc,*» 140 137 1.98 1.4 1.07
C/E¥%* 1.07 1,09 0,90 0.97

*Read 2.45 x 1026 figgions per nucleus per core neutron, CEN/SCK fission
chamber resulits in the water, and HEDL SSTR results in the iron (Table 2.5.9).
**Calculated assuming a cadmium cutoff of 0.414 eV. The corresponding
values in water for a cutoff of 0,58 eV are about 10% less (10% more
in the Cd ratio). Iron values are little affected.

Table 5.1.2 presents the added effect of the photofission reactions to the
neutron fissions calculated consistently with the present cross section
library using photofission cross sections supplied by C. Eisenhauer of NBS.
It is seen that the enhancement is small and that the effect is generally in
good agreement with the revised calculations of G. Minsart (Mc8ld).

Comparisons of the gamma-ray fluxes above 6.5 MeV and the neutron fluxes above
0.8 MeV for both the present calculations and the earlier revised calculations
of Minsart (Ma82e) are shown in Table 5.1.3. A comparison of the gamma group
fluxes is shown in Table 5.1.4.

. T B Conclusions

There are significant discrepancies in the gamma calculations between ORNL and
CEN/SCK. These discrepancies appear to be in the cross section libraries,
Preliminary comparisons between calculations and measurements also indicate .
large discrepancies su that further studies will be necessary to resolve the
problem.
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TABLE 5.1.2

PHOTOFISSION ENHANCEMENT EFFECTS IN THE PCA 12/13

238y 237yp

CEN/SCK ORNL CEN/SCK

1.02 .01 1.01
1.06 .03 1.03
1.03 .01 1.01
1,02 .00 1.00
1.01 .00 1.01

TABLE 5.1.3

COMPARISON OF ABSOLUTE NEUTRON AND GAMMA-RAY FLUXES IN UNITS
OF PARTICLES*CM~2 PER CORE NEUTRON IN THE
PCA 12/13 FOR TwO INDEPENDENT CALCULATIONS

A6

Gammas . " / o 12§ " 2. s 1.89-9
ORNL

Gammas > 6. . R . . 1,04-8 1.03-8
CEN/SCK

Neutrons > 0, : . % ’ 2.42-8 1,09-8
ORNL

Neutrons > 0.8 MeV h . . . 3.31-8 1.61-8
CEN/SCK

®y/®,, ORNL 435 . . 0.311 0.173

®y/®y, CEN/SCK ; : ‘ 0.314 0.640




S-S

TABLE

5.1.4

COMPARISON OF CALCULATED GAMMA FLUXES FOR THE PCA 12/13 CONFIGURATION
IN PHOTONS-CM~ 2.5~ l.Mey~l.y-1

Energy 1/4 T 1/2 1 3/4 T
bounc .i-ies

(MeV)
lower-upper ORNL CEN/SCK Retio ORNL CEN/SCK Ratio ORNL | CEN/SCK Ratio
10.0 -14.0 3.84-2| 3.58-2 1.07 9.74-3| 9.11-3 1.07 2.36-3| 2.40-3 0.98
8.0 -10.0 1.78+42 | 3.04+2 0.59 4.00+1 | 7.16+1 0.59 9.02+0 | 3.85+1 0.23
5.0 - 8.0 1.14+43 | 1.47+3 0.78 2.89+2 | 3.68+2 0.79 6.74+1 | 3.54+2 0.19
4.0 - 5.0 1.71+3 | 1.84+3 0.93 4.53+42 | 4.95+2 0.92 5.08+2 | 3.04+2 0.36
3.0 - 4.0 2.76+43 | 3.49+3 0.79 7.3142 | 9.10+2 0.80 1.74+42 | 4.30+2 0.40
2.0 - 3.0 7.24+3 1 9.13+3 0.79 1.65+3| 2.07+3 0.80 3.61+2| 8.75+2 0.41
1.0 - 2.0 1.31+4 | 1.91+4 0.69 3.09+3 | 4.27+3 0.72 6.86+2 | 1.52+3 0.45
0.8 -1.0 2.38+4 | 3.58+4 0.66 6.02+3 ] B8.46+3 0.71 1.51+3| 3.01+3 0.50
0.6 - 0.8 2.90+4 | 4.52+4 0.64 6.80+3 | 9.77+3 0.70 1.55+43 | 3.34+3 0.46
0.4 - 0.6 5.93+4 | 6.66+4 0.89 1.40+4 | 1.41+4 1.00 3.1943 | 4.82+3 0.66
0.2 - 0.4 9.74+4 | 1.29+5 0.76 2.28+4 | 2.73+4 0.84 5.1743 | 9.77+3 0.53
0.1 - 0.2 1.1945 | 1.43+5 0.83 2.78+4 | 2.98+4 0.93 6.32+3 | 1.08+4 0.59
0.02- 0.1 1.18+4 | 2.39+4 0.49 2.76+3 | 4.88+3 0.57 6.29+2 | 1.78+3 0.35




. Ty TR Calculations and Measurements for the PCA
4/12 and 4/12 SSC Configurations
C. A. Baldwin, F. B. Kam, L. F, Miller, and F, W. Stallmann

- Introduction

Preliminary neutron transport calculations for the PCA 4/12 and PCA 4/12 SSC
configurations are presented,

All neutronic calculations are performed with the DOT code (Rh79) using the
measured source distribution for a fixed source calculation., All calculations
use the VITAMIN-C cross section library (Ro82); however, the CEN/SCK calcula-
tions use a collapsed 17 broad group structure while the ORNL calculations
maintain the original VITAMIN-C fine group structure. The CEN/SCK methodology
(MiBlb) utilizes a variable vertical and transverse buckling technique in
order to take into consideration three-dimensional effects whereas the ORNL
methodology utilizes a flux density synthesis technigque similar to that
described by Maerker and Williams (Ma82e).

5.1.2.2 Results

Table 5.1.5 lists calculated results and comparisons for the 4/12 SSC and
4/12 configurations for the damage correlation parameters (E > 1,0 MeV),

(E > 0.1 MeV), and displacements per atom (dpa) of iron. Measured and calcu-
lated reaction rates and comparisons for the 4/12 SSC configuration are listed
in Table 5.1.6., Table 5.1.7 lists calculated reaction rates and comparisons
for the 4/12 configuration., Tables 5.1.8 and 5.1.9 show the calculated per-
turbation effect of the SSC on damage correlation parameters and reaction
rates, respectively. Results in Tables 5.1.5 through 5.1.9 are midplane
values,

Comparisons show that the two calculations are in agreement with each other.
Both 4/12 SSC calculations attenuate faster than the measurements. This
discrepancy between measurements and calculations was also observed with pre-
vious results obtained in the PCA "Blind Test" (Mi8la).

The Np-237 reaction rates in the PCA 4/12 SSC and the 4/12 configurations

at the 1/4 T location were calculated to determine the perturbation effect of
the SSC. The Np-237 perturbation effect is defined as the ratio of the Np-237
reaction rate with the S8C Jdivided by the reaction rate without the SSC. The
calculated and measured ratios are shown in Table 5.1,10, The comparison
indicates excellent agreemenc,.

5.1.2.3 Conclusions

other, More detailed comparisons will be made as more measurements bezome

The neutron calculations and measurements are in good agreement with each .
available ia the future,
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TABLE 5.1.5

COMPARISON OF CALCULATED DAMAGE CORRELATION PARAMETERS FOR
PCA-PVF 4/12 SSC AND 4/12 CONFIGURATIONS

PCA-PVF 4/12 €SC PCA-PVF 4/12
Parameter® Location
CEN/SCK (cl) ORNL (C2) cl/c2 CEN/SCK (Cl) ORNL (C2) cl/c2
AO 1.671-4 1.754-4 0.95 1.671-4 1.754~4 0.95
Al 2.389-5 2.381-5
A2 3.019-6 3.374-6 0.89 2.014-6
$(E>1.0 MeV) A3 8.657-7 7.032-7
A4 2.148-7 2.144-7 1.00 1.901-7 2.096-7 0.91
AS 9.694-8 9.747-8 0.99 9.650-8
A6 4.090-8 4,139-8 0.99 4.119-8
A7 1.049-8 1.049-8 1.00 1.037-8
A0 3.077-4 3.250-4 0.95 3.076-4 3.250-4 0.95
Al 4.797-5 4.758-5
A2 9.678-6 1.075-5 0.90 4.601-6
$(E>0.1 MeV) A3 2.561-6 1.381-6
A4 9.364-7 9.017-7 1.04 6.107-7 6.663-7 0.92
A5 6.034-7 5.728-7 1.05 4.294-7
A6 3.526-7 3.303-7 1.07 2.495-7
A7 1.066-7 9.163-8 1.16 7.031-8
A0 2.297-25 2.339-25 0.98 2.339-25
Al 3.256-26 3.242-26
A2 4.852-27 5.188-27 0.93 2.851-27
dpa (AST™) A3 1.320-27 9.734~-28
A4 4.094-28 3.816-28 1.07 3.295-28
AS 2.286-28 2.099-28 1.09 1.777-28
A6 1.208-28 1.091-28 1.11 9.071-29
A7 2.923-29 2.438-29

*All results normalized to 1.0 source neutron.




TABLE 5.1.6

COMPARISON OF CALCULATED AND MEASURED REACTION RATES FOR
THE 4/12 SSC CONFIGURATION

s Calculations Comparisons
Parameter® Location Gu7esy(CI) ORNL (C2) Crperiment wies—Ti78 Ci/E
A0 3.52-28 3.65-28 0.96
A2 8.30-30 9.05-30 0.92
237yp Ab 6.86-31 6.57-31 6.66-31> 1,04 1.03 0.99
(n,f) AS 3.76-31 3.58-31 3.69-31> 1,05 1.02 0.97
F.P. A6 1.93-31 1.83-31 1.93-31> 1,05 1.00 0.95
A7 5,06-32 5,26-32b 0.96
A0 4,25-29 4,44-29 0.96
A2 6.77-31 7.56-31 7.47-31¢ 0.9 0.91 1,01
1151, Ab 4,80-32 4.76-32 5.81-32¢ 1,01 0.83 0.82
(n,n') A5 2.10-32 2,11-32 0.99
115mp, A6 8.77-33 8.86-33 0.99
A7 2,26-33
A0 1.83-28 1.87-28 0.98
A2 3.84-30 4,22-30 4,02-30¢ 0.91 0.96 1.05
103gp Ab 3,08-31 3.00-31 3.32-31¢ 1,03 0,93 0.90
(n,n') AS 1.64=31 1.60-31 1.82-31¢ 1,02 0,90 0.88
103mgy, A6 8.24~32 8.04-32
A7 2.19-32
A0 7.10-29 7.41-29
A2 1.03-30 1.15-30
238y AL 7.16=-32 7.09-32 7.63-324 0
(n,f) AS 2.90-32 2.92-32 3.32-324 0
F.P. A6 1.11-32 1.13-32 1.36-324 0
A7 2.74-33 3,11-334 0
AO 2.35-29 2.42-29 2.40-29¢ 0 0. 1
A2 2.57-31 2.84-31 2.87-31¢ 0 0. 0.99
38yi Ab 1.68-32 1.66-32 1.90-32¢ 1,01 0.88 0,87
(n,p) AS 5.92-33 6.08-33 7.50-33¢ 0,97 0.79 0.81
58¢0 A6 1.98-33 2.12-33 0.93
Al 5,20-34
A0 1.58-31 1.58-31 1.51-31® 1,00 1.05 1.05
A2 1.79-33 1.93-33 2,03-33¢  0.93 0.88 0,95
2751 Ab 1.58-34 1.50-34 1,68-34¢ 1,05 0.9 0,90
(n,a) AS 5.52-35 5.64=35 6.70-35¢ 0,98 0,82 0.84
24y, A6 1.85-35 2.03-35 0.91
A7 5,99-36 "
AReactions per target atom per source neutron,
bperived from Table 2.3.7 <U¢>Np 1312 mb,
€perived from results given in Fa80a. ‘
dperived from Table 2.3.7 <94>U 305 mb.

€perived from Table 8.3.1 <06>Ni 108.5 mb and <0z5>Al 0,705 mb (McBlg).
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TABLE 5.1.7

COMPARISON OF CALCULATED REACTION RATES FOR
THE 4/12 CONFIGURATION

Parameter* [Location

Calculations

CEN/SCK (Z1) ORNL (C2)

Experiment

Comparisons

cl/c2 cCl/E C2/E

AO 3.52-28 3.65-28 0.96
A2 4.54-30

2375p Ab 5.15-31 5.60=31 0.92
(n,f) AS 3.06-31
F.P. A6 1.55-31
A7 4,30-32
A0 4,44-29
A2 4,99-31
1514 Ab 4.83-32
(n,n") AS 2.14-32
115my, A6 8.91-33
A7 2,24-33
. AO 1.87-28
A2 2.26-30
103gn Ab 2.62-31
(n,n') AS 1.39-31
103mgy, A6 6.91-32
A7 1.88-32

AO 7.10-29 7.41-29 0.96
A2 8.22-31

238y Al 6.90-32 7.58-32 0.91
(n,£) AS 3.15-32
F.P. A6 1,22-32
A7 2.95-33

A0 2.35-29 2.42-29 0.97
A2 2.59-31

S8y AL 1.92-32 2.05-32 0.9%
(n,p) AS 7.55-33
58co A6 2.63-33
A7 6.37-3%
AO 1.58-31
A2 2.19-33
2751 AL 2,09-3
(n,a) AS 7.92-35
2oga A6 2.85-35

A7

'o 2.-36

‘ *Reactions per target atom per source neutron,
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TABLE 5.1.8

COMPARISON OF CALCULATED PERTURBATION EFFECTS OF THE
8SC 04 DAMAGE CORRELATION PARAMETERS

4/12 88C
4/12
cl
Parameter Location CEN/SCK (Cl) ORNL (C2) _
c2
AOQ 1.00 1.00 1.00
Al 1.00
A2 1.68
$(E>1.0 Mev) Al 1.23
Ab 1.13 1.02 1.11
A5 1.01
A6 1.00
A7 1,01
AO 1.00 1.00 1,00
Al 1,01
A2 2.3
$(E>0.1 MeV) Al 1.85
Abd 1.53 1.35 3.13
A5 1.33
A6 1.33
A7 1.30
AOQ 1.00
Al 1.00
A2 1.82
dpa (ASTM) Al 1.36
A4 1.16
AS 1.18
A6 1.20
A7 1,20
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TABLE 5.1.9

COMPARISON OF CALCULATED PERTURBATION EFFECTS
OF THE SSC ON REACTION RATES

Calculations Comparisons
Patameter  Location ..., cox (c1) ORNL (c2) CXPeriment . .00 c1/E c2/E
A0 1.00 1.00 1.00
A2 1.99
237yp Ab 1.33 1.17 1.14
(n,f) AS ).19
F.P. A6 1.18
A7 1.18
AO 1.00
A2 1.51
151, AL 0.98
(n,n') A5 0.98
115mp, A6 0.99
A7 1.01
AO 1.00
A2 1.87
103gn Ab 1.14
(n,n') AS 1.15%
103mg,, A6 1.16
A7 1.16
A0 1.00 1.00 1.00
A2 1.40
238y A4 1.04 0.93 1.12
(n,f) A5 0.93
F.P. A6 0.93
A7 0,93
AO 1.00 1.00 1.00
A2 1.10
58y Ab 0.88 0.81 1.09
(n,p) AS 0.80
58¢0 A6 0.81
A7 0.82
A0 1.00
A2 0.88
2751 Ab 0.72
(n,a) AS 0,71
2yg A6 0.71
A7 0.72
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TABLE 5.1.10

COMPARISON OF CALCULATED TO MEASURED PERTURBATION EFFECT

[51%§I§§9] FOR 237Np REACTION RATE AT PCA 1/4 T POSITION
. Np perturbation effect
() cals Exp.b C/E
-101 1.167 1.219 0.96
- 25 1.167 1.238 0.9
+ 52 1.159 1.211 0.96
+102 1.148 1.195 0.96
+153 1.131 1.161 0.97
+204 1.103 1.146 0.96
+240 1.071 1.117 0.96
+280 1.011 1.114 0.91

I J

8pistance from midplane.

bprivate communication from A. Fabry (Mol) to F, B. K. Kam,
ORNL, April 1983,
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3.2 CEN/SCK ANALYSIS
J. Debrue (CEN/SCK)

This section is in preparation and will be added during a future revision of
this document.



5.3 RR&A ANALYSIS
A. Dolan Zlolllonoyco & Associates Ltd., Derby, UK)

5.3.3 Introduction

This section presents the results of a recent recalculation of neutron spectra
and detector reaction rates throughout the PCA 12/13 configuration performed
using the Monte Carlo computer code McBEND (Be82).

The responses calculated using McBEND were compared with experiment, and two
linear least squares data ad justments were made using the computer code LONDON
recently developed at RR&A.

9:.3:¢ The Monte Carlo Calculation

The transport calculation was a modification of the RR&A/AEEW contribution to
the PCA Calculational Blind Test (Mc81) and the changes to this original
calculation are described here. The geometric modelling was simplified, but
remained identical in all essential features; however the distances through
the array were updated to the latest recommended values (Mc81, section 8).
Some refinements were introduced into the energy group schemes used. The
'point' energy group library used for the McBEND transport calculation was a
recent 8000 group version processed at tne Atomic Energy Establishment,
Winfrith, and used in place of the 300 group library reported in the original
'Blind Test', while the detector responses were included in the 620 group
scheme in which they exist on the IRDF82 dosimetry cross-section library
(largely compiled from ENDF/BV).

The responses scored are average ones over the McBEND regions which are 10cms
square in cross-section and 2cm deep; these are corrected to centre line
values using shape information obtained from a forward diffusion calculation
(ADC, see Mc81). Correction factors of between 7% (at Al) and 2% (at the
void box) were used.

In order to accelerate particle scoring it is necessary to supply an importance
distribution in both space and energy. The results of the previous calculation
indicated that improvements would result from biasing the importances towards
high energies in order to score more particles in this energy range. A lower
cut off energy of 0,11 MeV was again used in order to reduce the cost of the
calculation, since this i{s sufficiently low in energy to cover the responses

of all of the detectors used except 235y, An inverse flux spectrum at the

void box location was used as a source for the calculation to produce the
required importances,

5.3:.3 Results of the Monte Carlo Calculation

Table 5.3.1 shows a comparison of the measured and calculated detector
responses, Since {t is only gossible to include up to seven responses in the
calculation, the results for 237Np(n,f), 232Th(n,f) and 238y(n,f) were obtained
by folding 40 group condensations of the responses into the scored flux
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COMPARISON OF REACTION RATES CALCULATED USING THE MONTE CARLO CODE McBEND AND
MEASURED FOR THE PCA 12/13 CONFIGURATION (REACTIONS/TARGET ATOM/CORE NEUTRON)

TABLE 5.3.1

Location 237wp 232 238y 1151a 103an S8w1 7M1
(0,8) | (a,8) (n,£) (-g') (aa’) | (a,a') | (n,m)
r.P. L2, e, |11 "&-1
Al C |7.878-6 |4.598~7 |1.868=6 |1.0ARB~6 |3.988~6 |6.458~7 |5.79E~9
s L6z 462 £3.48 | £6.22 | #3010 &304
13 - - . 1.068<6 (4,068~6 |6.358~7 |5.558~9
£5.08 | £5.28 | £5.62 | + 52
c/e 0.98 0.98 1.02 1.04
A2 C |9.29%-7 |4.868-8 |1.978~7 |1.148~7 [4,.738~7 |6.92E-8 |7.098-1
2 2 2 $442 | 5.2 | #3202 | +2.02
e (7587 | - - liaser | - |67ee-s [7.200-10
4 5.1 2.2 £5.72 | +5.2
c/e 1.27 0.99 1.03 0.98
AM ¢ [3.058<7 |1.678-8 |6.648-8 |3.968-8 |1.658-7 |2.638-8 |3.158-10
s + ] 24,08 | #4402 | £ 3.2 | £ 452
E [J.07%7 - 6.058-8 |3.692-8 - 2.528-8 |).18E~100
+ 5.020 £ 5.0 | +5.012 £5.5% |+ 22
c/e | 0.9 1.10 1.07 1.04 0.99
A4 € |1.118=7 [4.392<9 |1.80B~8 |1.078~8 |S5.51E~8 |5.39E~9 |7.058~1\
$4T | 242 | #4642 | £3.90 | 4 55T | £ 3,00 | & 52
B [L1.218=7 [3.998-9 [1.788~8 |1.128-8 |[5.670~8 |5.788-9 |7.248~11
’:lo.n- 4498 |+ 1T | £ 5.8 £5.02 | +5.42 | 80
c/g 0.92 1.22 1.01 0.96 0.97 0.93 0.97
AS € [6.21R=8 |1.808~9 |7.84R~9 |4.950-9 |2.958-8 |2.088~9 |2.72B~]
+ &+ + 2 4£2.9% | +2.9% | #3032 | +3.52
B [6.622~8 [1.570~9 |[7.80R~9 |5.228~9 |3.198-8 [2.288~9 |2.91B~1]
$11.22% |+ S.i2% |+ 10,92 | + 5.2 | + 7% 4 5.68 | +5.42
c/e 0.94 1.20 1.00 0.9% 0.92 0.91 0.93
A6 € |3.228+8 |7.208~10|3.098~9 |2.078~9 |1.46R=8 |7.638-10(9,708~12
& +2 |+ £3.8% | £3.08 | #3.58 0 +5.28
£ [3.482-8 |6.008~10|3.248~9 (2.258~9 |1.6'E~A |B,108=10]1.128~1
£ 10,68 | + 49T [+ 11.1X | & 5.88 | + 7% $5.0% |+ s.ulﬂ
c/z | 0.93 1,20 | 0.94 0.92 | 0.91 0.94 0.87
A7 € [9.718-9 | 2.298~10|9.70B=10]6,198~10]4.308~9 |2.148~10 2.96!-!1{
2 &2 + 2 $7.0% | #4668 | £6.97 | + X
£ [9.658-9 |1.338-10(8,60%-10(6.488-10[ - = l4.368-12]
S7.08 | #A7T 4409T | +e2 ’ s 72
c/e | 1.01 172 | 1.3 0.96 0.67 '
- | J

* These are uncertaintiss on the measursments of equivalent flssion flux only,
but the uncertainties in fission average cross~section are small end do not
apply to the SSTR seasurements.
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spectra, The uncertainties given in this table are stochastic only, and
those quoted for the fission monitors do not take account of any uncertainty
introduced by using a coarser group scheme. Table 5.3.2 gives a range of
spectral indices calculated from the values given in Table 5.3.1 while Vable
5.3.3 gives calculated values for damage exposure parameters. Experiment and
calculation are compatible at all locations, except for 232Th(n,f) at all
measured locations, 237Np(n,f) in the A2 location and 27Al(n,a)24Na in the
void box (A7) location.

5.3.4 The Linear Least-Squares Data Adjustment

The methodology used in LONDON is similar to that described in Ma8l, but the
scope is more limited, since the code was designed to use measured reaction
rates in an RPV/PST cavity for the adjustment of calculated ones within the
RPV, Fluxes are not adjusted explicitly, rather the effect of data ad justments
are extrapolated in space and energy to modify reaction rates and damage
exposure parameters at the same or other locations in the calculated array.
The four classes of differential data adjusted, each of which is considered

to be independent from the others, were the source distribution, transmission
cross-sections, detector responses and Monte Carlo stochastic uncertainties.
The sensitivities to the source distribution were obtained from source
importance values, and the remaining sensitivities were obtained from the
Monte Carlo calculation., The sensitivities of integral responses to the
transmission data were obtained using a perturbation package included in
McBEND (McB81). Varlance-covariance data was obtained from the published
literature (Eu74, Z183, Dr77, MuBl, St80a) and largely originates from ENDFBV,

The transmission cross-sections ad justed were Fe(N,N), Fe(N,X), O(N,N), O(N,n),
O(N,N'), H(N,T), Cr(N,N), Cr(N,¥), Ni(N,N) and Ni(N,X). A 15 energy group
scheme was used for the adjustment of detector cross-sections (Ma8l1) while a

9 group scheme was used for the transmission data. Since adequate uncertainty
data were not found for aluminium and uranium transmission cross-sections,
these were not included. The exposure parameters were treated as standards
and no uncertainties in responses were included.

Due to the highly corre lated nature of the Watt fission spectrum (Ma8l), a
coarse 5 energy group scheme was used for this ad justment and the core was
divided into 3 spatial regions only,

Two ad justment runs were made, Adjustment | used the measured llsln(n.n')ll5mln
and 27A1(n,a)24Na responses in the void box to adjust !15In(n,n')115mIn,
5Um(u.p)!‘éCa, 103Rh(n,n') 103mRh and 27A1(n,a)24Na responses and those for
the damage exposure parameters, dpa, flux > | deV and flux> 0,1 MeV, at the
A4 location, This adjustment was intended to form part of the validation of
a proposed method of estimation of exposure parameters to be used on power
reactors, Adjustment 2 was run for the more academic reason of comparing the
individual data adjustments obtained from a more representative sample of
measurements, with those obtained from the previous ad justment, and to obtain
values for the damage exposure parameters directly comparable with those
obtained from 'In-situ' adjustment codes (e.g. McC79).
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TABLE 5.3.2

COMPARISON OF REACTION RATE RATIOS FOR PCA 12/13 CONFIGURATION

Location 238y(n, £)FP/58N1(n,p)38Co 27 A1(n,e) 24Na/ 58Ni(n, p) 38Co
Ce Xpt . Co xpt .
Al 2,88 - - 8.98-3 8.74-3 1.03
A2 2.85 - - 1.02-2 1.07-2 0.95
A3M 2.52 - - 1.20-2 1.26-2 0.95
Ab 3.34 3.23 1.03 1.30-2 1.25-2 1.04
A5 3.76 3.68 1.01 1.31-2 1.27-2 1.03
Ab 3.99 4,24 0,94 1.27-2 \ 1.35=2 0.94
237Np(n,f)FP/58N1(n,n)5800 l03Rh(n,n')lojmkhjsalu(n.p)ss(}o-
Al 12,2 13.8 0.88 6.2 6.4 0.97
A2 13.4 - - 6.8 - -
A3M 1i.6 11.9 0.97 6.3 - -
A4 20.6 21.2 0.97 10,2 9.9 1.04
AS 29.9 29.9 1.0 14,2 14,0 1.01
A6 42.2 43.9 0.96 19.1 19.8 0.96
115In(n.n')“5"‘In/58N1(n,p)58Co

Al l.61 1.68 0.96
A2 1.65 1.72 0.96
A3M 1.51 1.50 1.01
A4 1.99 1.93 1.03
A5 2.38 2.30 1.03
A6 2.71 2.74 0.99
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TABLE 5.3.3

RESULTS OF MONTE CARLO CALCULATION AND LFAST-SQUARES DATA ADJUSTMENTS
FOR DAMAGE EXPOSURE PARAMETZRS FOR THE PCA 12/13 CONFIGURATION
(REACTIONS/TARGET ATOM/CORE NEUTRON)

Location Flux Density Flux Density dpa (Iron)
> 1 MeV > 0.1 Mev (AST™M)
Al Calc. 3.92E-6 + 72 * | 5.18E~6 + 102 *| 5.00E-27 + 6% *
A2 Cale. 4.44E-7 + 52 * | 7.06E-7 + 8% * | 5,93E-28 + 5% *
A3M Calc. 1.50E=7 + 10X | 2.85E~7 + 10% | 2.14E-28 + 12%
Ad justment 1 - - -
Adjustment 2 | 1,40E-7 + 6% 2.69E~7 + 62 2.00E-28 + 6%
A4 Calc. 4.30E-8 + 12X | 1.36E~7 + 13% | 7.05E-29 + 12%
Adjustment 1 | 4,58E-8 + 11X | 1.40E-7 ¥ 10% | 7.35E-29 ¥ 10%
Adjustment 2 | 4.34E-8 ¥ 6% 1.31E~7 ¥ 62 6.87E-29 ¥ 6%
AS Calc. 2.11E-8 + 12% | 8.89E-8 + 14% | 3.85E-29 + 12%
Ad justment 1 - - -
. Adjustment 2 | 2.12E-8 + 6% | 8.63E-8 + 6% | 3.81E-29 + 6%
A6 Calc, 8.80E-9 + 13% | S5.09E-8 + 16X | 1.93E-29 + 112
Ad justment 1 - - -
Adjustment 2 | 8.94E-9 + 6% 4,94E-8 + 67 1.90E-29 + 6%
A7 Calc. 2.62B-9 + 72 * | 1.51E-3 + 52 + | 5.69 E-30 + 5% *
|

* These uncertainties are stochastic only. Uncertainties on the adjusted
values take into account tliose on the scurce and transmission cross-sections.

3.3.5 Results of the Linear lLeast-Squares Data Adjustment

The data ad justment code LONDON produces estimates of the uncertainty to be
assocliated with individual calculated integral responses due to uncertainties
in the differential data involved in the adjustments. Also calculated are
the proportion of the overall uncertainties on integral responses at each
location attributable to each class of differential data ad justed. The
resulte of this latter analysis appear in Table 5.3.4.

The adjusted reaction rates appear in Table 5.3.5, where the total variances
on the calculated data can be seen. The large reductions in variance seen on
the calcalated values of measured responses for ad justments 2 are a consequence
of the inclusion of the measured data into this adjustment. Adjustment 1

. represents a more testing use of the method, since data ad justments are
extrapolated in space as well as energy and it can be observed that the
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TABLE 5.3.4

% CONTRIBUTIONS TO TOTAL VARIANCE FOR PCA 12/13 CONFIGURATION
AT THE A4 AND A7 LOCATIONS TAKEN FROM THE FIRST ADJUSTMENT

Location Detector Transmission Source M/C Stochastics Measurement

A4 262 65% 5% 4

A7 (before 142 68% 6%
ad justment)

A7 (after 21%
ad justment)

TABLE 5.3.5

RESULTS OF LEAST-SQUARES DATA ADJUSTMENTS TO THE RADIOMETRIC RESPONSES
FOR THE PCA 12/13 CONFIGURATION (REACTIONS/TARGET ATOM/CORE NEUTRON)

e — e --._.__,r_ — ——— -

location Jl}ln(n‘qo)llSIIn Ssﬂi(nl215800 loalh(n,n')lO)-lh 27A1(n,a)2“Na

R ‘_“_7

AIM Calc. 3.96E-8 + 20% 2.63E-8 + 112 1.65E-7 + 11X JLISE-10 + 112
Ad justment | - - - E

Ad §/Exp.
Ad justment 2 (92E-8 + 5%* |2.61E-8 + SX*| i.64E-7 + 6 3.19E-10 + 5%#*
Ad {/Exp. 1.06 0.99 - 1.00

Calc, JO7E-8 + 221 |5.39E-9 + 17%| S.51E-8 + 22X |7.05B-11 + 142

Ad justment .08E-8 + 10T |[6.01E-9 + 10%| 5.70E-8 ¥ 112 |[8,57E-11 + 8,5%
Ad {/Exp. 0.9% 1.04 1.01 1.18

Ad justment JJOE-8 + 4X* |5.64E-9 + 4X*| S5.52E-8 + SI* |[7.41E-1] + S%*

Ad )/Exp. 0.96 0.98 0.97 1.02

Calc. «95E-9 + 23X 2.08E-9 + 2I% 2.95E-8 + 292 2,72B-11 + 14X
Ad justment - - - -

Ad {/Exp.
Ad justment ! J1SE-9 + 2,22 B-9 + 4X* 3,00E-8 + 5%* |[2,93E-11 + S5%*
Ad {/Exp. 0.99 0.97 1.03 1.01

Calc. LO7E-9 + 242 7.63E-10 + 25% 1.46E-8 + 37X 9.70E-12 +
Ad justment - - - -
Ad §/Exp.
Ad justment «19E-9 + 5% 8.27E-10 + 5% ],47E-8 + 5% 1.08E-11 +
Ad §/Exp. 0.97 1.02 0.91 0.96

Cale. 6.19E-10 + 26X |2.14E~10 + bY 4 4.30E-11 2.94E-12
Ad justment 6.51E~10 + 6.42* 4.28E-12
Adj./Exp. 1.00 0.98

Ad justment - -
Ad{./Exp.

*These adjustments result from including measured values at locations in question.




var. ces of ~ 20X are reduced by a factor of two at the A4 location, Table
5.3.3 gives estimates of the adjusted demage exposure parameters. Adjustment
Z results in greater variance reduction due to the inclusion of additional
measured data, and these results can be compared with those obtained from 'in-
situ' adjustment codes (see section 7.1.3).

The overall consistency between measurement and calculation is extremely
good. A X 2 of 0.1 per degree of freedom is obtained for the four radio-
metric responses throuy- _ne PVS while at the void box the 27Al(n,x)2%Na
and 115In(n,n')115mIn responses give a corresponding value of 0.6,

Individual data adjustments are critically dependent on both the quality of

the sensitivity and uncertainty information used in the adjustment and the
extent to which the measured and calculated data used to drive the adjustment
are representative of the overall agreement between calculation and measurement.
Since the first adjustment does not involve a representative sample of measured
data, (the A7 location being obviously subject to some inconsistency between
measurements (see section 7.1.3)), the adjustments to the differential data

must be regarded with some circumspection. Indeed the adjustments to individual
differential data arising from the two LONDON calculations are on the whole

very small and are not consistent between the two calculations., Only changes

to the differential data common to both LONDON calculations are mentioned here.

The first adjustment results in a positive ad justment of ~10Y to the iron
elastic cross-section between 14 and 4 MeV with a corresponding negative one
to the iron non-elastic cross-section. A small positive adjustment is made
to the oxygen inelastic cross-section near its threshold ( ~1%). The second
adjustments show the modifications to the iron cross-sections extending down
to ~ 0.7 MeV but the ad justment over the 14 - 4 MeV range is now only =~ 5%.
The ad justment to the oxygen inelastic cross-section is unchanged.

3.3.6 Conclusions

The overall consistency between the results of the repeated Monte Carlo
calculation and measurement is good, except at the void box (A7) location and
in the case of 232Th(n,f), and in the case of 237Np(n.f) at the A2 location.
When these results are compared with those obtained from the original
calculation (Mc81) it must be borne in mind that the latter were not corrected
to allow for the variation in flux levels across a Monte Carl: scoring zone,
Corrections of betweea 72 (at the Al location) and 2% (at the A7 location)
should be applied to correct the responses to centre line values, After this
correction has been made the remaining differences between the two calculations
can be accounted for by updates in the geometry which have occurred since the
origincl calculational specifiration,'

The improved importance map ‘s responsible for the reduction in stochastic
uncertainties observed in this second calculation which was less costly in
computer time than the original. Although the calculation still probably
exhibits some tendency towards progressive underestimation with penetration
through the PVS the effect is difficult to distinguish as it is of the same
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order of magnitude as the uncertainties on the individual measured and
calculated responses, Linear least squares data adjustments indicate that
this effect, which is exhibited most strongly by the 27A1(n,x)24Na reaction
with 1ts high threshold can be corrected for by decreasing the iron inelastic
cross-section at high energy (14 ~ 4 MeV) at the expense of the elastic cross-
section. The overall value of X 2 which is 0.1 per degree of freedom suggests
that there is some overestimation of the uncertainties in the differential
data, but any reduction in these would leave the poorer consistency in the
void box unexplained.

A data adjustment using the two measured radiometric responses in the void
box (A7) to improve the estimation of parameters at the PVS (A4) location is
of practical interest since such a method of ad justment could be used to
correct calculated exposure damage parameters within the PVS of a power
reactor. As a result of this ad justment the damage exposure parameters were
increased by ~ 2% and the standard deviations of these were decreased by the
same amount, Some gains would therefore be made from such an adjustment in
setting limits for safety cal- lations at the 20" or 3¢ levei. Consistency
with experiment for the radiometric responses was improved except in the case
of 27A1(n,%)24Na which was over-adjusted to compensate for the low calculated
value in the void box. A second adjustment to the 15 radiometric responses
measured through the PVS resulted in small changes only to the damage exposure
parameters, the largest movement being one of ~ 2% to flux > 1 MeV at the A6
location. These adjusted results had total variances of only ~ 62 and were
comparable with the values obtained by using an 'in-situ' adjustment code
(see section 7.1.3). The advantage of this, second, method over that of the
'{n-situ' method is that the uncertain.les of flux spectra in terms of standard
deviations and VCV matrices are not required as input, but result implicitly
from the input uncertainties on the differential data used for the Monte Carlo
calculation,
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5.4 BECHTEL POWER CORPORATION ANALYSIS
. C. Hopkins (Bechtel Power Corporation)
W. L. Grove and T, E. Albert (Science Applications, Inc.)

5.4.1 Introduction

This section contains the neutron transport analyses and results performed
at Bechtel Power Corporation for the PCA 8/7 and 12/13 configurations.
Calculations for gamma transport and activity were not done; only total
fluxes and fluxes with (E > 1 MeV) and (E > 0.11 MeV) were calculated
throughout both configurations at the midplane. No attempt was made to
optimize the nodalization of the source region or to correct for axial
leakage.

The two-dimensional discrete ordinates transport code D0T 4.2 was used to
obtain ¢(x,y) in both cases. Cross sections were taken from the SAILWR
cross-section library, which has a 47-neutron energy group structure. In
both cases an Sg quadrature set appropriate to x-y geometry was used. The
source for the problems was input as a distributed source normalized to 1
neutron per second in the core region. The left boundary, i.e., the midline
of each, was given the reflected boundary condition, while the void
condition was used at the other boundaries.

The pointwise flux convergence criterion of 5 x 10~3 was met for the first
24-neutron energy groups in both analyses. A limit of 15 inner iterations
was placed on the first 27-neutron energy groups. _The last three energy
groups, in both cases, were convergec past 1 x 102, It should be noted
that the first 27-neutron energy groups of the 47-neutron energy group
structure include all neutron energies greater than 0.1 Mey.

5.4,2 Neutron Transport Results for 8/7 and 12/13 Configurations

The flux spectra for each spatial mesh of each configuration were written on
tapes. Table 5.4.1 compares the results of this analysis for fluxes with

(E > 1 MeV) and (E > 0.1 MeV) to the PCA Blind Test calculated fluxes at
surveillance locations A0 through A6 for the 12/13 configuration.

Table 5.4.2 presents the corresponding comparison for the 8/7 configuration
surveillance locations Al through A6.
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ZARAMETER*

$(E>1 Q0 MeV)
for (A) results

$(E>1.0 MeV)
for (B) results

$(E>0.11 MeV)
for (A) results

$(E>0.1 MeV)
for (B) results

TABLE 5.4.1

COMPARISON OF CALCULATED DAMAGE CORRELATION

PARAMETERS FOR PCA 12/13 CONFIGURATION

LOCATION
—_

*Al11 results are normalized to 1.0 source neutron.

#%(B) are the average results reported in Table 7.1.7

PARAMETER*

¢(E>1.00 MeV)
for (A) results

$(E>1.0 MeV)
for (B) results

$(E>0.11 MeV)
for (A) resulis

$(E>0.1 MeV)
for (B) results

TABLE 5 4.2

(-4)
(-6)
(-7
(-7)
(-8)
(-8)
(-8)

of (McB8l).

O e

SN IO N
& B

COMPARISON OF CALCULATED DAMAGE CORRELATION

PARAMETERS FOR PCA 8/7 CONFIGURATION

LOCATION

Al
A2
AL
A4
AS
A6

Al
A2
A3
A4
AS
A6

BECHTEL (A

27 (-6)
.32 (-7)

(-7)

.58 (-7)
.37 (-8)
.27 (-8)

W=D
g

.15 (-5)
.47 (-6)
.13 (-86)

(-7)

.31 (-7)
.56 (-7}

L N
&

*All results are normalized to 1.0 source neutron.

#%(B) are the average results reported in Table 7.1.7 of (Mc81).
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5.5 W-NTD ANALYSIS
S. Anderson (W-NTD)

This section 1s in prepcration and will be added during a future revision of
this document.
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6.0 CURRENT PCA SPECIFICATIONS FOR TRANSPORT THEORY VALICATION
E. P. Lippincott (HEDL) and F. B. K. Kam (ORNL)

This section contains the recommended measured PCA integral data to be used
for comparisons with calculated results and as input for neutron spectral
adjustment codes (as described in Section 7).

§3§tion 6.1 contains recommended integral fission rates. For 237Np and

U, these values are taken as an average of the fission chamber and SSTR
values given in Section 2. For these two reactions, the recommended
uncertainties are based on the difference from the average of the fissicn
chamber and SSTR results; this results in nigher uncertainties than quoted
for the fission chamber or SSTR results taken alone. More information is
being developed on the causes of the SSTR-fission chamber differences, and
this should allow these uncertainties to be reduced in the future.

Sections 6.2 and 6.3 give recommended integral reaction rate values fo~ RM
and NRE data, respectively. The radiometric results are the same as those
given in Section 2.4 except that they are ccnverted to reactions per second
per core neutron. (Section 2.4 presents these results as equivalent fission
rates.) The emulsion integral results duplicate those prescribed in

Section 3.2.

Section 6.4 presents recommended gamma-ray dose results. The recommended
results are an average of TLD results presented in (Mc81) and the Si(Li)
results from Section 3.5. These two sets of results agree within experi-
mental uncertainty.

A1l information necessary to calculate the PCA 8/7, 12/13, 4/12, and 4/12

SSC configurations is given in Sections 1.1 through 1.4 and 8.1 of Reference
(Mc81) and Sections 1.0, 1.1, 1.2 and 5.0 of this report.

6.0-1



6.1 RECOMMENDED INTEGRAL RESULTS: FISSION RATE MEASUREMENTS
E. D. McGarry (NBS); F. H. Ruddy, Raymond Gold, J. H. Roberts,
and C. C. Preston (HEDL). and A. Fabry (FEN/SCK)

The recommended integral fission rates for the PCA 8/7, 12/13, and 4/12 S5C
configurations are contained in this section. Three measurement techniques
were used, namely:

. SSTR measurements (HEDL).
. Dual fission chamber measurements (NBS).

" Miniature fission chamber measurements (CEN/SCK).

Comparisons between measurements have been made in Section 2.6. A 10% dis-
crepancy exists between the NBS and HEDL measurements in the PVS block.
Because this discrepancy cannot be resolved at this time, the block values
have been linearly averaged and an additional 5% 3B;ertain has been added
as recommended in Section 2.6. The results for 2 Np and are contained
in Tables 6.1.1 and 6.1.2. In order to report SSTR fisglon rates 33 equiva-
lent fissi fl Xes, 535 conversion factors 1.334 x 10-24 cm? for = 7Np and
3.08 x 10‘ for U have been used (see Section 3.2). Photofission
corrections have been made (see Section 4.5).

In some locations, only SSTR or fission chamber measurements were made, and
these have been included in Table 6.1.1. Unavoidably, location-to-location
biases result when comparing these values with each other or the averaged
values. The unaveraged fission chamber and SSTR values are contained in
Sections 2.3 and 2.5, respectively.

Only SSTR fission rate measurements were made in the PCA for 232Th, These
results are contained in Table 6.1.2. Photoflgilon corrggtlons have 'een
made using the calculations of Section 4.5. Np and 238y fission rates,
corresponding to the equivalent fission fluxes of Table 6.1.1, are also
included in Table 6.1.2.
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TABLE 6.1.1
RECOMMENDED VALUES FOR 237Np and 238y (EQUIVALENT FISSION FLUXES)

Equivalent Fission Fluxes

Midplane Distance from per PCA Core Neutron (x 108)
Location Core (cm) Z3/Np 230y
8/7 Configuration

TSF (A1) 7.9 1460 (16.2%)(a) o

PVF  (A3) 19.7 164  (6.3%)(a) ve

174 T (A4) 29.5 55.4  (£10.8%) 3.2 (210.8%)
172 T (AS) 34.7 M0 (£11.1%) 13.8  (+10.9%)
34T (A6) 40. 1 15.7  (£10.8%) 5.5 (211.1%)

12/13 Configuration

S8 (A2) 23.8 54.7 (15.3%)(P) e

PVF  (A3) 29.7 22.9 (15.8%)(¢) 19.2  (5.8%)(0)
174 T (A4) 39.5 9.0  (£10.5%) 5.80 (+11.0%)
172 T (AS5) 44.7 4.92 (£11.2%) 2.56 (£10.9%)
4T (A6) 50, 1 2.60 (£10.6%) 1.06 (£11.1%)
VB (A7) 59, 1 0.72 (+7.3%)(¢) 0.281 (+4.9%)

4/12 SSC Configuration

$SC (A2) 15.6 626  (:4.8%)°) 364,  (24.8%)(P)
14 T (A4) 30.5 48.6  (11.2%) 23.0  (£10.0%)
1/2 T (AS) 35.7 26.8  (£10.2%) 0.3 (£10.1%)
34T (A6) 4.1 14.7  (s5.6%)(9) 4.28 (+10.3%)(9)
V8 (A7) 50. 1 .01 (15.8%)(2) 1.02 (25.8%)(2)

(a)Only CEN/SCK fission chamber measurements were made at these locations.

)Only S5TR measurements were made at these locations.

(b

(€) These were averaged CEN/SCK fission chamber and SSTR measurements
Sno detectable bias exists between the two measurements).

(d Only NBS fission chamber measurements were made at these locations.
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TABLE 6.1.2

RECOMMENDED VALUES FOR 237Np, 238y, anp 2321 (FISSION RATES)

Fission Rate per PCA Core Neutron
(fissions/atom/neutron) x 1033

Midplane e
Location (em) 23/5p 238 232Th
8/7 Confiquration
TSF (A1) 7.8 19500 (#6.2%) —— -
PVF  (A3) 19.7 2190 (£6.3%) - ——-
1/ T (A4) 29.5 739 (£10.8%) 96.1 (£10.8%) 21.5 (4.8%)
1/2 T (A5) 34.7 415 (£11.1%) 42.5 (£10.9%) 9.24 ($4.8%)
/4 T (A6) 40.1 209 (£10.8%) 17 (£11.1%) 3.46 (4.8%)
VB (A’) 49.] SR b 0- 782 (ts-ox)
12/13 Configuration
TSB (A2) 23.8 730 (15.3%) —— -
1/4 T (A4) 39.5 120 (£10.5%) 17.9 (£11.0%) 3.56 (%4.9%)
172 T (AS) 44.7 65.6 (211.2%) 7.88 (£10.9%) 1.55 (25.1%)
3/4 T (A6) 50.1 34.7 (=10.6%) 3.26  (%11.1%) 0.595 (%4.9%)
V8 (A7) 59.1 9.6 (27.3%) 0.865 (4.9%) 0.132 (24.7%)
4/12 SSC Configuration
SSC  (A2) 15.6 8350 (+4.8%) 1120 (24.8%)
1/ T (A4) 30.5 648 (£11.2%) 70.8 (£1C.0%)
i/72 T (AS) 35.7 358 (£10.2%) 31.7 (£10.1%)
3/ T (A6) 41.1 196 (£5.6%) 13.2 (£10.3%)
V8 (A7) 50.1 53.5 (:5.8%) 3.14 (35.8%)

*Distance to inner

face of core aluminum simulator (or window).
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6.2 RECOMMENUED INTEGRAL RESULTS: RADIOMETRIC MEASUREMENTS
L. S. KeTTogg (HEDL) and A. Fabry (CEN/SCK)

The recommended equivalent fission fluxes per unit core neutron source for
the PCA 8/7 and 12/13 configurations and, to a limited extent, the 4/12 SSC
configurations are gathered in Table 2.4.5; their relationship to absolute
reaction rates is discussed in Fa8la. More extensive tabulations are found
in Section 2.4. Because many experimenters are more familiar with and use
reaction rates in their calculations, the data in Table 2.4.5 have been con-
verteg go reaction rates (see Table 6.2.1), using a consistent set of evalu-
ated ¢33y fission spectrum averaged cross sections (Gr78a); tabulated

values are given at the bottom of Table 6.2.1. Validation of these conver-
sion factors has been critically reviewed and discussed in Fa8la and in
Section 2 of Mc8l.

The evaluation of interlaboratory recommended values and uncertainties for
radicmetric measurements in PCA is rather straightforward because no sig-
nificant bias is found between the results of the different experimenter
teams (see Mc81, Tables 2.4.5 through 2.4.8) or between different periods of
observations. This good consistency provides confidence in those data that
were obtained by one team only and/or were within only one observation
period. In the PVS, additional support for this consistency is obtained
from the experimental evidence that fast flux gradients are independent of
the specific water-steel configuration (Mc81b).

These radiometric results are recommended for use as input to PCA calcula-
tions of exposure parameters and uncertainties.
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TABLE 6.2.1
RECOMMENDED VALUES FOR 193, 1"'51m, 58Ni, and 27A1 (REACTION RATES)

Reactiion Rate per PCA Core Neutron(a)

Midplane y(b)
Location  (mm) 103gh(n.n')  M5In(n,n')  58Ni(n,p)() 27A1(n, a)

Core Center Configuration

(A0) -205.7 (d) (d) 2.40 E-30 1.51 E-31

4/12 SSC Configuration
SSC  (A2) 156 2.95 E-30 7.35 E-31 2.87 E-31 2.20 E-33
1/4 T (A4) 305 3.24 E-31 5.70 E-32 1.90 E-32 1.71 E-34
172 T (A5) 357 1.80 E-31 2.73 E-32 7.64 E-33 1.53 E-34

8/7 Configuration

TSF (A1) 79.1 (d) 2.36 E-30 1.37 E-30 1.04 E-32
PVF  (AM) 197.0 - 1.94 E-31 - 1.95 E-33
1/ T (A4) 295.0 3.46 E-31 6.41 E-32 2.65 E-32 2.48 E-34
172 T (AS) 346.6 1.88 E-3] 3.02 £-32 1.04 E-32 9.81 E-35
3/4 T (A6) 401.2 9.51 E-32 1.35 E-32 3.79 E-33 3.66 E-35
VB (A7) 491.2 2.73 E-32 3.44 E-33 9.29 E-34 1.06 E-35
12/13 Configuration

TSF (A1) 119.8 4.06 E-30 1.05 E-30 6.31 E-31 5.48 E-33
TSB  (A2) 238 4.50 E-31 1.14 £-31 6.72 E-32 7.16 E-34
PYF  (A3M) 297.1 1.47 E-3] 3.68 E-32 2.50 E-32 3.13 E-34
174 T (A4) 395.1 5.01 E-32 1.11 E-32 5.69 E-33 7.15 E-35
172 T (A5) 446.7 3.24 E-32 5.20 E- 3 2.25 E-33 2.92 E-35
3/4 T (A6) 501.3 1.67 E-32 2.23 E-33 7.99 E-24 1.12 E-35
VB (A7) 591.3 4.83 E-33 6.43 E-34 - 4.29 E-36

235) Fission Spectrum-Averaged Cross Sections

733+ 38mb 189 +8mb  108.5 + 5.4 mb 0.705 + 0.040 mb

(a)Uncertainty estimates are based on experimental precision only, as defined in Fa8la;
and overall combined uncertainties are ~+6% for a precision of +1% (see Mc8l,
Tables 2.4.8 and 2.4.9).

(b)pistance to inner face of core aluminum simulator (or window).

(C)A11 Mol nickel data were increased by 1.0% when deriving weighted best values by
combination with HEDL data or whenever HEDL data were not available; this introduces
1% difference to all the nickel tabulations of Mc81, Section 2.

(d)Measurements are available, but analyses or evaluations are still in progress.

(@) Interpolated value.
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6.3 RECOMMENDED INTEGRAL RESULTS: NUCLEAR RESEARCH EMULSION
NTS
Raymond Gold, J. H. Roberts, C. P, Preston and F. H. Ruddy (HEDL)

As derived in earlier work (Go81d,Go81e,6083), nuclear research emulsion
(NRE) measurements can be used to determine two different absolute proton-
recoil reaction rates, I(Emjn) and J(Epin). These reaction rates are defined
by the relations:

®s_ (E)
HEpin) = /——"gL o(E) dE (1)

Emin
and
J(E )=/‘° (1 E"‘—"-'l)o (E) o(E) dE @)
min A n,p ¢
Emin

Here the hydrogen scattering cross section °n,p(E) is given by (Ga61 and
Ba73).

- ‘]
. 2\6]
%, p\E) = 3:[1.206 E, + (-1.860 +0.941491 £+ 0.000130658 E_°)

-1
* % 1.206 £ + (0.4223 + 0.1300 €, )? (3)

where £ is in MeV and ¢n,p is in barns.

It is evident from the least-squares' analysis given in Sectien 7.1.1 that

an absolute bias of ~50% exists in the NRE results obtained from the 1981
irradiations in the PCA. Extensive efforts have now been launched to uncover
the source of this systematic effect. In spite of this apparent bias, use

of the 1981 integral mode NRE data in least squares' analysis of the 12/13
configuration produces a significant reduction in overall uncertainty (see
Section 7.1.1). For the sake of convenience, these 1981 integral mode NRE
results for the PCA are repeated, in Table 6.3.1 below. For use in least-
squares' analyses of the PCA experiment, it is recommended that all NRE data
given in Table 5.3.. be decreased by 50%.
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TABLE 6.3.1
RECOMMENDED I- AND J-INTEGRAL REACTION RATES FOR THE 1981 NRE EXPOSURES IN THE PCA

Location/ __ l-Integral |grotons/éncvpat.)gw-su J-Integral [protons/(at.)(W-s)]
Ewul No./ Distance tatistica ota Statistical Total*

Config- from Core Energy Uncertainty Uncertainty Ener Uncertainty Uncertainty
uration Center (cm)  (Mev) Integral (%) (%) (MeV Integral (%) (%)
WY 158 0.4467 1.8) x 10-19 6.61 8.10 0.4073  1.18 x 10-19 3.19 5.67
0.5198 1.73 x 10-19 5,82 7.48 0.4837  1.05 x 10-1? 3.40 5.79
12/13 23.8 0.5877 1.59 x 10-19 5.19 7.00 0.5540  9.37 x 10-20 3.58 5.90
0.6515 1.42 x 10-19 5.36 7.12 0.6197  B8.52 x 10-70 3.76 6.01
0.7119  1.21 x 10-19 7.42 8.78 0.6197
KaA 1/4 1 0.4467 4.58 x 1020 6.79 8.25 0.4073  2.15 x 10-20 . 5.63
0.5198 4.18 x 10-20 4,55 6.53 0.4837 1.78 x 10-20 3.4) 5.80
12/13 39.5 0.5877 3.63 x 10-20 5.17 .98 0.5540  1.47 x 10-20 .77 6.02
0.6515 2.96 x 10-20 6.72 8.19 0.6197  1.27 x 10-20 4,06 6.20
0.7119  2.19 x 10-20 7.47 8.82
K5A W2 0.4467 3.31 x 10-20 5.80 7.46 0.4073  1.21 x 10-20 L 5.63
0.5198 2.61 x 10-20 4.42 6.44 0.4837  9.64 x 10-20 3.50 5.85
12/13 44.7 0.5877 1.96 x 10-20 5.39 7.14 0.5540  7.81 x 10-2) 3.88 6.09
0.6515 1.47 x 10-20 7.42 8.78 0.6197  6.53 x 10-21 4,25 6.33
0.7119  1.15 x 10-20 7.94 9.22
K6A 3/4 T 0.4467 1.99 x 10-20 4.99 6.85 0.4073  6.61 x 10-2) 3.15 5.65
0.5198 1.61 x 10-20 4.00 6.17 0.4837  5.08 x 10-2) 3.59 5.91
12/13 50.1 0.5877 1.25 x 10720 5.50 7.23 0.5540  3.96 x 10-2) 4.07 6.21
0.6511 9.40 x 1021 5.51 7.23 0.6197 3.4 x 10-2! 4,58 6.55
0.7119  7.08 x 10-2) 7.00 8.43
K7A V8 0.4467 6.18 x 10-2) 5.23 7.02 0.4073  2.28 x 10-2) 4.2i 6.30
0.5198 5,62 x 10-2) 4.89 6.78 0.4837 1.8 x 10-2) 4.88 6.77
12/13 59.1 0.5877 4.87 x 10-2) 4.63 6.59 0.5540  1.41 x 10-2! 5.80 7.46
0.6511  3.93 x 10-2) 4.62 6.58 0.6197  1.08 x 10-2! 6.74 8.21
0.7119 2.84 x 10-2) 4.86 6.75
K48 174 1 0.4467 2.82 x 10-19 6.60 8.10 0.4073 1.24 x 10-1? in 5.63
0.5198 2.47 x 10-19 4,55 6.53 0.4837 1.0 x 10-19 3.45 5,82
8/7 39.5 0.5877 2.09 x 10°'9 5.31 7.08 0.5540  8.48 ¥ 10-20 3.77 6.02
0.6511 1.72 x 10-19 6.86 8.31 0.6197  7.19 x 10-20 4.10 6.23
0.7119  1.36 x 10-19 7.26 8.64

*[oes not include an estimated 6% for power normalization.




6.4 RECOMMENDED INTEGRAL RESULTS: GAMMA MEASUREMENTS
Raymond Gold (HEDL)

In the case of gamma-ray measurements, an integral reaction rate corresponds
to an observed gamma-ray dose rate. The most comprehensive gamma-ray dose
rate results have been obtained for the 4/12 SSC configuration. Measure-
ments and calculations for this configuration have already been summarized
in Table 4.3.2. These data reveal an inconsistency between calculated and
experimental results, with good agreement attained at the 1/4 T and 3/4 T
locations but poor agreement at the 1/2 T and VB locations.

In view of this inconsistency, the recommended gamma-ray dose rates given in
Table 6.4.1 are based solely upon experimental results. These recommended
values are simply the average obtained from the results of the two indepen-
dent experimental techniques, namely TLD and Si(Li) dosimetry, which are in
good agreement at all 4/12 SSC locations. Based on the experimental uncer-
tainties of these two methods, as well as the uncertainty that exists in PCA
power level measurements, the overall experimental uncertainty of these
recomnended values is estimated to be ~10% (lo).

TABLE 6.4.1
RECOMMENDED GAMMA-RAY DOSE RATES FOR THE 4/12 SSC CONFIGURATION

Midplane Gamma-Ray
Location Dose Rate*
1/ T (A4) 233

1/2 T (AS) 66.7
3/4 T (A6) 20.3

VB (A7) 11.3

*Dose Rates in mrad/h at 1-W PCA power. To
convert these values to mrad per hour per
PCA core ne¥ﬁron per second, multiply by
1.324 x 10°'1,
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7.0 COMPARISON AND EVALUATION OF EXPERIMENTAL AND DERIVED DATA
E. P. Lippincott (HEDL), F. W. Stallmann (ORNL), and
A. F. Thomas (RR&A)

In this section, recommended experimental data from Section 6.0 are used
together with calculated neutron flux-spectra to produce best (in a least-
squares sense) estimates of exposure parameter values and uncertainties.
Three independent evaluations were carried out by HEDL, ORNL, and RR&A.
Results of these evaluations have indicated that exposure parameters can be
determined to accuracies down tc the 5% range for the best situations, and
elimination of some data inconsistencies could result in even lower uncer-
tainties. These PCA physics-dosimetry studies and results provide users of
the set of 21 ASTM standards (Figure S.1) and reference data obtained from
benchmark facilities (Tables S.1 and S.2' with 1) significant information
and guidelines to maintain and improve the accuracy of neutron exposure
determinations for LWR surveillance programs and 2) reliably tested proce-
dures and data for the gquantification of uncertainties in these
determinations.
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7.1 CONSISTENCY OF EXPERIMENTAL AND DERIVED DATA
E. P. Lippincott (HEDL), F. W. Stallmann (ORNL), A. F. Thomas (RR&A)

Ingependent analyses and comparisons of the experimental data and calcula-
tions have been completed by HEDL, ORNL, and RR&A and are discussed in Sec-
tions 7.1.1 through 7.1.3, respectively. In general, the results of the
three analyses indicate that the reactor physics calculations appear to

be biased on the low side, and that the recommended experimental data are
self-consistent within assigned uncertainties. It was not possible to reacn
any definitive conclusions with regard to the accuracy of the fission cham-
ber versus the SSTR results. The chamber measurements appear to be more
consistent with the radiometric measurements, but the SSTR results are
closer to the calculation. Only HEDL looked at the proton recoil emulsion
(NRE) integral results and found that the most recent experimental results
appear to be significantly biased (on the high side) with repect to the
other measurements, although the NRE values appear to be very self-
consistent. Resolution and removal of this bias are important because the
NRE provide step-wise (~0.1 MeV) absolute integral reaction rate data in
the very important 0.4- to 0.8-MeV neutron energy region. [t is expected
that HEDL (NRE) and UKAEA [hydrogen proportional-counter techniques
(covering the energy range 0.1 to 0.2 MeV) and NE213 spectrometer (covering
the range 2 to 10 MeV)] results obtained in the Winfrith "PCA Replica"
experiment will help in the resolution of this problem (Bu84,Mc84).

Derived exposure parameter values based on the results of the three indepen-
dent least-squares analyses of the experimental data and reactor physics
calculations are discussed and/or reported in Section 7.2.

7.1.1 Data Consistency -- HEDL Analysis
E. P. Lippincott (HEDL)

el bl Introduction

In the previous PCA report (Mc81) least-squares analyses of the 12/13 and
8/7 configurations were reported. These least-squares analyses utilized

the FERRET (Sc79) code to derive a "best fit" neutron flux spectrum at each
location using as input a calculated neutron flux spectrum; integral solid
state track recorder (SSTR), fission chamber (FC), radiometric (RM), and
nuclear research emulsion (NRE) measurements, and neutron spectrum measure-
ments, together with reaction rross sections and uncertainty estimates
including covariances. In this first study, discrepancies were found in the
data and, in general, data discrepancies larger than the quoted experimental
uncertainty were prevalent.

In the present report, an updated least-squares analysis is discussed which
focuses on the updated results reported in this document. Several modifica-
tions to the least-squares procedure have been made to simplify the analysis.
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These include treating each spectrum separately (and not referencing the
data to the fission spectrum) and collapsing cross-section correction fac-
tors for each spectrum to improve the broad group cross section accuracy.
Differential data were not included in the present HEDL study.

7.1.1.2 Calculated Neutron Spectra

Calculated neutron spectra for the PCA 12/13 and 4/12 SSC configurations
were obtained from ORNL. (See Section 5.1.) The 12/13 calculation was a
47 group calculation covering the entire neutron spectrum extending to ther-
mal energies. However, the 4/12 calculation used 102 groups to cover only
the energy range from 0.098 to 16.5 MeV (similar to the calculation for the
PSF). This is an adequate procedure since no reactions used in the least-
squares analysis had any significant response below 0.4 MeV.

Although the absolute calculated flux has little impact on the least-squares
result, it lends confidence to the result if the calculation and adjusted
results are close. Comparisons of the calculated and adjusted flux >1.0 MeV
are shown in Table 7.1.1.1. [t is noted that the calculation is quite close
to the measurements and variations from position to position are within 5%
to 20% for the 1/4 T, 1/2 T, and 3/4 T locations for both configurations.

7.1.1.3 Radiometric Data

The radiometric data were converted to reactions per second per core neutron
for input to FERRET. Uncertainties were increased from the quoted measure-
ment uncertainties to cover relative normalization and systematic effects.
The radiometric uncertainties used were all 6% to 7%, and the data were
found to be consistent within these uncertainties with the a priori input
calculational results.

Cross sections for the radiometric and fission reactions were obtained from
ENDF /B-V. The rhodium reaction was not used. Covariances were also obtained
from ENOF/B-V or other sources and are the same as those being used for the
PSF analyses. Cross-section uncertainties do not have a significant impact
on the PCA results.

7.1.1.4 Fission Rate Data

The fission rates were taken as averages of the SSTR and fission chamber
results, and the uncertainty in these average rates was taken to be 11%.
These values were also converted to fissions per second per core neutron for
input to FERRET. If only SSTR results were available, as with ***Th, the
SSTR fission rate value was used but the uncertainty was assumed to still be ‘
11%.
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TABLE 7.1.1.1
COMPARISON OF CALCULATED AND MEASURED FLUX >1.0 MeV

Calculated FERRET
Flux >1.0 MeV  Flux >1.0 MeV FERRET/
Midplane n/cm® per n/cm? per Calculated
Location Core Neutron Core Neutron Flux

PCA 12/13 Configuration

1/4 T 4.13 E-8 4.58 E-8 1.11
1/2 T 1.90 E-8 2.21 E-8 1.16
3/4 7 8.00 E-9 9.82 E-9 1.23

PCA 4/12 SSC Configuration

1/4 7 2.18 E-7 2.34 E-7 1.07
172 7T 1.00 E-7 1.15 E-7 1.14
3/4 7T 4.33 E-8 4.87 E-8 1.12

The fission rates for **?Np and *?°U were found to be consistent with

the radiometric data, but the 2*2Th fission rate was consistently low (14%

to 16% compared with the average fission rate data, and 6% compared with SSTR
data). This could indicate a slight problem with the 2*2Th cross section

or may be in part due to an overestimation of the photofission contribution.

The input data are not adequate to unambiguously choose between the SSTR
and fission chamber results. A comparison of results using SSTR data and
averaged SSTR and fission chamber data is shown in Table 7.1.1.2. Use of
the SSTR data result in a decrease in exposure parameter values of 4% to
7%. A corresponding effect in the opposite direction occurs if the fission
chamber data are used. [If the uncertainties in the fission rate data are
lowered to 5% to 7% (as could be justified using each set of data aione),
the uncertainty on flux (E > 1.0) is lowered from 7% to 5%, on flux (E >
0.1) from 14% to 13% and for dpa from 8% to 7% for he typical case.

7.1.1.5 Emulsion Data

The emulsion data are presented in the form of integral data. These data
were converted to reactions per core neutron for input to FERRET. Group
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TABLE 7.1.1.2

COMPARISON OF FERRET DERIVED EXPOSURE PARAMETER VALUES FOR AVERAGE*
AND SSTR FISSION RATES FOR PCA 12/13 CONFIGURATION

Value Based Value Based Difference
Midplane on Average on SSTR (SSTR-Average)
Location Fission Rate Fission Rate (%)

¢(E > 1.0 Mev) n/cmz per Core Neutron

174 T 4.58 E-8 4.36 E-8 -5
127 2.21 E-8 2.08 E-8 -6
3/4 7 9.8 E-9 9.39 E-9 -5

¢(E > 0.1 Mev) n/cn? per Core Neutron

174 7 1.44 E-7 1.39 E-7 -4
127 9.73 E-8 9.12 E-8 -7
3/4 7 5.93 E-8 5.63 E-8 -5

dpa per Core Neutron

1/4 7 7.45 E-29 7,16 E-29 -4
127 4.22 E-29 3.96 €£-29 -7
3/4 7 2.25 E-29 2.14 E-29 -5

*Linear average of SSTR and fission chamber results given
as recommended values in Section 6.

cross sections were constructed for FERRET for the I and J integral values.
For energy groups above the threshold, the group-averaged cross section for
the I integral is given by

. 2 o, £
oy = 2 o(E)dE o E)IE . (1)
£ 3
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where Ej and E; are the energy boundaries of group i and onn is the pro-
ton scattering cross section. The I integral is then calculated by sum-
ming ojei over all groups (similar to the other reaction rates). The
Corresponding J integral group averaged cross section is

2 2
5 f B (E-Ey) o(s)ds{f o(E)dE (2)
£y E)

where E¢p is the energy threshold. For groups below the threshold, 33 =0
and for Phe group including the threshold a suitable interpolation is‘used.

The emulsion data for the three 12/13 positions were found to be consistently
biased with respect to the other data. Both the I and J integrals appeared
seif-consistent but high by about 50%. No explanation for this bias is cur-
rently available. In contrast, previously reported (Mc81) preliminary
measured-perturbed* I and J integral results for the 1/4 T position for the
8/7 configuration were ~20% low. At the time this earlier analysis

was performed, the 20% difference was concluded to be in reasonable agree-
ment since this was about a 2¢ error.

Because this result is not understood, the emulsion data were not used in
the derivation of the recommended exposure parameter values given in Sec-
tion 7.2.1. However, an investigation was carried out to determine the
effect of the emulsion data on the exposure parameters and uncertainties.
[f the data were renormalized and the quoted experimental uncertainties
are used, the emulsion data increases the flux (E > 1.0) by about 3% and
decreases the flux (E > 0.1) by about the same margin. The dpa is not
affected significantly. The uncertainties on flux (E > 1.0) and dpa are
lowered significantly to ~3%, and the uncertainty on flux (E > 0.1) is
lowered to 6%. Thus the emulsion data have the potential to make a very
real contribution to measurement accuracy. It should be noted, however,
that the improvement observed here may be cverestimated since the nine
emulsion integral results (for the approximate tihresholds of 0.40, 0.45,
0.50, 0.60, 0.65 and 0.70) were treated as a set of independent measurements .

*No perturbation correction was made for the effect of the proton-recoil
chamber (~2.5-cm diameter cylinder) in which the NREs were exposed. The
British (Bu84) have studied the perturbation effect of rather large voids
(4.7- and 6.6-cm diameter holes) for the "PCA 12/13 Replica" experiment at
the 1/4 T position and find ratios of solid/hole for Rh of 0.92 + 3% and
U.85 + 3%, for In of 0.83 + 3% and 0.80 + 3%, and for S of 0.77 ¥ 3% and
0.76 ¥ 3%, respectively. The perturbation correction for the NRE measure-
ments in the ~2.5-cm diameter cylindrical proton recoil chamber would be
expected to be smaller. For the present series of NRE exposures discussed
in this report, the irradiations were accomplished in small Cd boxes to fur-
ther minimize perturbation effects.
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7.1.1.6 Neutron Spectra

The a priori and adjusted neutron spectra and uncertainties for the 12/13
and 4/12 SSC configurations are given in Tables 7.1.1.3 through 7.1.1.8.
Only the 22 energy groups above 0.0674 MeV are given. The uncertainties of
the five to six lowest energy groups are higher since the reaction rates
utilized have essentially no response below ~0.4 MeV. These uncertainties,
therefore, are determined by the input assumptions rather than any real
correlations.

7.1.1.7 Conclusions

The present status of the data allows for PCA exposure parameters to be
determined to lo accuracies of 7% to 16%. Data inconsistencies are
present that currently limit the improvement of this accuracy. If these
inconsistencies can be removed, improvements in accuracy by a factor of 2
could be attained. The PCA data then could be applied to further improve
the presently quoted 8% to 12% uncertainties for the PSF physics-dosimetry
results as well as contribute to an improved overall accuracy for derived
exposure parameter values for LWR surveiilance programs.
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TABLE 7.1.1.3
FERRET-SAND 11 RESULTS FOR PCA 12/13 CONFIGURATION, POSITION A4 (1/4 T)

Energy* A Priori Flux Adjusted Flux % Uncertainty

Group (MeV) (n/cm?/sec)**  (n/cm?/sec)** (1)
I 1.492 + 0l 3.865 - 12 4.060 - 12%** 20
2 1.350 + 01 9.444 - 12 9.968 - 12 18
3 1.162 + 0Ol 4,301 - 11 4,560 - 11 1o
o 1.000 + 01 1.076 - 10 1.145 - 10 14
5 8.607 + 0V 2.994 - 10 2.771 - 10 12
6 /.408 + 00 4.622 - 10 4.965 - 10 12
/ 6.065 + 00 1.131 - 09 1.227 - 09 12
8 4.966 + 00 1.610 - 09 1.772 - 09 12
9 3.679 + 00 2.972 - 0Y 3.279 - 09 12

10 2.865 + 00 3.144 - 09 3.423 - 09 12
1 2.231 + 00 6.018 - 09 0.475 - 0Y 12
12 1.738 + 00 6.978 - 09 7.387 - 09 12
13 1.353 + 00 8.305 - VY 8.717 - 09 13
14 1.108 + 00 7.648 - 09 8.081 - 09 15
15 8.208 - 01 1.251 - 08 1.315 - 08 16
16 6.393 - 01 1.354 - 08 1.414 - 08 18
17 4.979 - 01 1.455 - 08 1.514 - 08 20
18 3.877 - 01 9.589 - 09 9,959 - 09 22
19 3.020 - 0l 1.618 - 08 1.679 - 08 23
20 1.832 - 01 1.581 - 08 1.641 - 08 25
21 1.111 - 0l 1.478 - 08 1.536 - 08 20
22 6.738 - 02 9,220 - 09 9.597 - 09 28

*Lower bound of each energy group.
**Per core neutron per second.
***4QU60 - 'Z - 4-000 x lo.l'o
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TABLE 7.1.1.4
FERRET-SAND I RESULTS FOR PCA 12/13 CONFIGURATION, POSITION A5 (1/2 T)

Energy A Priori Flux Adjusted Flux % Uncertainty

Group (MeV) (n/cm?/sec)* (n/cm?/sec )* (lo)
1 1.492 + 0l 1.604 - 12 1.744 - 12 20
2 1.350 + 01 3.928 - 12 4.299 - 12 18
3 1.162 + 01 1.767 - 11 1.947 - 11 16
4 1.000 + 01 4,272 - 11 4,742 - 11 14
5 8.607 + 00 1.008 - 10 1.126 - 10 12
6 7.408 + 00 1.733 - 10 1.955 - 10 12
7 6.065 + 00 4.053 - 10 4.646 - 10 12
8 4.966 + 00 5.546 - 10 6.462 - 10 12
9 3.679 + 00 1.018 - 09 1.192 - 09 12

10 2.865 + 00 1.166 - 09 1.348 - 09 12
11 2.231 + 00 2.501 - 09 2.857 - 09 12
12 1.738 + 00 3.070 - 09 3.433 - 09 12
13 1.353 + 00 4.006 - 09 4.413 - 09 13
14 1.108 + 00 4.076 - 09 4.499 - 09 14
15 8.208 - 0l 7.658 - 09 3.362 - 09 15
1o 6.393 - 01 9.143 - 09 9.870 - 09 17
17 4.979 - 01 1.049 - 08 1.124 - 08 19
18 3.877 - 01 6.938 - 09 7.401 - 09 21
19 3.020 - 0l 1.333 - 08 1.418 - 08 22
20 1.832 - 01 1.201 - 08 1.276 - 08 24
21 1.111 - 01 1.192 - 08 1.207 - 08 26
22 6.738 - 02 7.253 - 09 7.722 - Q9 27

*Per core neutron per second.
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TABLE 7.1.1.5
FERRET-SAND II RESULTS FOR PCA 12/13 CONFIGURATION, POSITION A6 (3/4 T)

Energy A Priori Flux Adjusted Flux % Uncertainty

Group (MeV) (n/cm*/sec)*  (n/cm?/sec)* (le)
1 1.492 + 01 6.373 - 13 7.176 - 13 20
< 1.350 + 01 1.562 - 12 1.768 - 12 18
3 1.162 + 01 6.925 - 12 7.876 - 1¢ 16
4 1.000 + 01 1.611 = 11 1.843 - 11 14
5 8.607 + 00 3.706 - 11 4.267 - 11 12
6 7.408 + 00 6.130 - 11 7.133 - 11 12
7 6.065 + 00 1.369 - 10 1.618 - 10 12
8 4.966 + 00 1.806 - 10 2.170 - 10 13
9 3.679 + 00 3.306 - 10 4.003 - 10 12

10 2.865 + 00 4.031 - 10 4.856 - 10 12
11 2.231 + 00 8.727 - 10 1.046 -~ 09 12
12 1.738 + 00 1.233 - 09 1.457 - 09 12
13 1.353 + 00 1.727 - 09 2.018 - 09 12
14 1.108 + 00 1.913 - 09 2.249 - 09 14
15 8.208 - 01 4.104 - 09 4,792 - 09 .
16 6.393 - 01 5.302 - 09 6.175 ~ 09 16
17 4.979 - 01 6.380 - 09 7.317 - 09 18
18 3.877 - 01 4.204 - 09 4.800 - 09 20
19 3.020 - 01 8.559 - 09 9.732 - 09 22
20 1.832 - 01 7.570 - 09 8.587 - 09 23
21 1.111 - 01 7.708 - 09 8.731 - 09 25
22 6.738 - 02 4.282 - 09 4.848 - 09 26

*Per core neutron per second. ”
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TABLE 7.1.1.6

FERRET-SAND 11 RESULTS FOR PCA 4/12 SSC CONFIGURATION,
POSITION A4 (174 T)

Energy A Priori Flux Adjusted Flux % Uncertainty
Group (MeV) (n/cm?/sec)* (n/cm?/sec)* (lo)
1 1.492 + Q1 5.414 - 2 5.861 - 12 21
2 1.350 + 01 1.760 - 11 1.915 - 11 19
3 1.162 + 01 8.382 - 11 9.162 - 11 17
4 1.00C + 01 2.415 - 10 2.648 - 10 15
5 8.607 + 00 5.992 - 10 6.582 - 10 12
6 7.408 + 00 1.141 - 09 1.252 - 09 12
7 6.065 + 00 2.85 - 09 3.124 - 09 12
8 4.966 + 00 4.383 - 09 4.769 - 09 13
9 3.679 + 00 9.685 - 09 1.047 - 0C 12
10 2.865 + 00 1.356 - 08 1.446 - 08 12
11 2.231 + 00 2.829 - 08 2.972 - 08 12
12 1.738 + 00 3.685 - 08 3.786 - 08 12
13 1.353 + 00 4.822 - 08 4.896 - 08 13
14 1.108 + 00 5.357 - 08 5.430 - 08 14
15 8.208 - 01 8.051 - 08 8.070 - 08 15
16 6.393 - 0] 1.080 - 07 1.073 - 07 17
17 4.979 - 01 1.105 - 07 1.093 - 07 19
18 3.877 - 01 7.654 - 08 7.577 - 08 21
19 3.020 - 01 1.221 - 07 1.210 - 07 23
20 1.832 - 01 1.199 - 07 1.192 - 07 24
21 1.111 - 01 1.061 - 07 1.059 - 07 26
22 6.738 - 02 4,196 - 08 4.209 - 08 27
*Per core neutron per second.
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TABLE 7.1.1.7

FERRET-SAND II RESULTS FOR PCA 4/12 SSC CONFIGURATION,
POSITION A5 (1/2 T)

Energy A Priori Flux Adjusted Flux % Uncertainty

Group (MeV) (n/cm?/sec)* (n/cm?/sec)* (o)
1 1.492 + 01 2.141 - 12 2.301 - 12 21
2 1.350 + 01 6.952 - 12 7,725 - 12 9
3 1.162 + 01 3.352 - 11 3.753 - 11 17
4 1.000 + 01 9.387 - 11 1.059 - 10 5
5 8.607 + 00 2.280 - 10 2.589 - 10 12
6 7.408 + 00 4.188 - 10 4,787 - 10 12
7 6.065 + 00 1.005 - 09 1.157 - 09 12
8 4.966 + 00 1.477 - 09 1.710 - 09 13
9 3.679 + 00 3.243 - 09 3.757 - 09 12
10 2.865 + 00 4,830 - 09 5.550 - 09 12
11 2.231 + 00 1.089 - 08 1.238 - 08 12
12 1.738 + 00 1.564 - 08 1.737 - 08 12
13 1.353 + 00 2.237 - 08 2.444 - 08 12
14 1.108 + 00 2.810 - 08 3.043 - 08 14
15 8.208 - 01 4.701 - 08 4.993 - 08 15
16 6.393 - 01 6.771 - 08 7.059 - 08 16
17 4.979 - 01 7.735 - 08 7.975 - 08 18
18 3.877 - 01 5.286 - 08 5.432 - 08 20
19 3.020 - 0l 9.323 - 08 9.538 - 08 22
20 1.832 - 01 8.349 - 08 8.534 - 08 23
21 1.111 - 01 7.0642 - 08 7.821 - 08 25
22 6.738 - 02 2.638 - 08 2.709 - 08 26

*Per core neutron per second.
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TABLE 7.1.:.8

FERRET-SAND I1 RESULTS FUR PCA 4/12 SSC CONF IGURATION,
POSITION A6 (3/4 T)

Energy A Priori Fiux Adjusted Flux % Uncertainty

Group (MeV) (n/cm*/sec)*  (n/cm?*/sec)* (lg)
! 1.492 + 0! 8.152 - 13 8.871 - 13 31
2 1.260 + 91 2.653 - 12 2.899 - 12 30
3 1.162 + 01 i.292 - 11 1.417 - 11 29
4 1.000 + 01 3.50€ - 11 3.861 - 11 27
5 8.607 + 00 8.311 -~ 11 9.187 - 11 26
6 7.408 + 00 1.469 - 10 1.629 - 10 24
7 6.065 + 00 3.370 - 10 3.743 - 10 22
8 4.9.6 + 00 4,749 - 10 5.2/84 - 10 20
9 3.679 + 00 1.032 - 09 1.145 - 09 18
10 2.865 + 00 1.626 - 09 1.798 - 09 17
1] 2.231 + 00 3.926 - 09 4.327 - 09 15
12 1.738 + 20 6.124 - 09 6.715 - 09 13
13 1.353 + 00 9.455 - 09 1.027 - 08 13
14 1.108 + 00 1.330 - 08 1.424 - 08 14
15 8.208 - 01 2.482 ~ 08 2.626 - 08 14
16 6.393 - 01 3.778 - 08 3.960 - 08 15
17 4.979 - 01 4,756 - 08 4.95 - 08 16
18 3.877 - Qi 3.139 - 03 3.264 - 08 18
19 3.020 - 01 6.048 - 08 6.269 - 06 20
20 1.832 - 0 5.119 - 08 5.302 - 08 22
21 i.111 - 0] 4.828 - 08 5.002 - 08 24
22 6.738 - 02 1.520 -~ 08 1.578 - 08 26

*Par core neutron per second.




Data fnnsistvnrj -=_ ORNI Analysis
F. W. Stallmann (ORNL)

Susmary

Experimental data combined with transport calculations were analyzed using the
LSL-M2 ad justment procedure. This procedure allows simultaneous processing of
several related neutron spectra with corresponding dosimetry data and gives
estimates of exposure parameter values for any selected location with uncer-
tainties. Dosimetry data were obtained from the recommended values in
Sections 6.1, 6.2, and 4.5 for 235y, The transport calculations of Section
5.1 were used for the PCA 12/13 and PCA 4/12 SSC configurations, The Blind
Test calculations B and C were used for the PCA 8/7 configuration. The
results for exposure parameter values are given in Table 7.1.2.1. These
results are fairly insensitive against changes in the input correlations
regarding the transport calculations as shown in Table 7.1.2.2.

The input data and uncertainties are consistent within statistical bounds with
most values of chi-square below the expected values, indicating somewhat
conservative input uncertainties. In particular, the analysis provides no
clear cut indication in favor of either the fission chamber or SSTR measure-
ments. Individually, only one ad justment clearly exceeds the assigned uncer-
tainties, namely the 237Np(n,f) measurement at TSB in PCA 12/13, which appears
to be !ow by about 20Z. Most 232Th(n,f) measurements in PCA 12/13 appear also
to be on the low side. Changes in the apparently inconsistent data do not
affect the output exposure parameters by more than the output uncertainties.
The only exception is TSB in PCA 12/13 in which the elimination of 237Np(n,f)
raises the values by about 8Z. It is, therefore, recommended to use a mean

value of the two outputs with and without 237Np and to raise the standard
deviation to 8%.

lhe new exposure parameter values are consistent with earlier ORNL results
(Table 7.3.1 of Mc81) but with considerably smaller uncertainties, which

reflect the better calculat.ons and the more elaborate adjustment procedure.

y 8 % input Data and Uncertainties
input vats

The LSL-M2 ad justment procedure accepts toth absolute and fission-equivalent
dosimetry data. The latter requires as input a reference fission spectrum,
The NBS 235y fission spectrum in the IRDF-82 file was used for equivalent
fission reactions of 183Rh(n,n“ 1151a(n,n"), 58Ni(n,p), 27A1(n,a),
237Np(n,f), and 238y(n,f). The 2327h(n,f) and 235U(n,f), bare and cadmium-
covered, were available only as absolute reaction rates. The fission reac-
tions were corrected for photofission according to the recommendations given
in Section 4.5. A 6%, one standard deviation uncertainty was assigned to all
non-fission reactions and 102 to the fission reactions,




The ad justment procedure was based on a 30-energy group structure,which was
obtained from the calculation in Section 5.1.1 by condensing all groups below
0.1 MeV to 2 groups, one above and one below the cadwium cutoff at 0.414 eV,
Dosimetry cross sections from the IRDF-82 file were processed and reduced to
the above group structure using the PUFF processing code. Cross-section
variances and covariances were obtained by the same code.

Calculations for the PCA 4/12 SSC (Section 5.1.2) and PCA 8/7 (Blind Test
calculations B and C, found in Mc81) were interpolated to the same group
structure. A 95% correlation was assumed between flueaces of adjacent groups,
except the 2 lowest ones, diminishing exponentially with the distance between
g.oups. Correlations between spectra at different locations range from 952 to
75% depending on the distance between locations. Changing these correlations
has very little influence on the results as can be seen in Table 7.1.2.2.
Uncertainties for the group fluences individually were assigned as follows:
for the PCA 12/13 and PCA 4/12 SSC 10%, one standard deviation above 1 MeV,
152 between 1 MeV and 0.1 MeV, and 502 for the 2 lowest energy groups. These
values were increased to 30%, 40X, and 300X, respectively, for the PCA 8/7.

The LSL-M2 procedure includes an option for "scaling," i.e., the calculated
spectrum may be multiplied by an unrestricted factor in order to better fit the
dosimetry data. In other words, in this option only the shape of the calcu-
lated spectrum and not its magnitude is used. It can be assumed that the
results of the procedure with scaling is somewhat more realistic; however, no
large differences are found between scaled and non-scaled results (Table
7.1.2.2).
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TABLE 7.1.2.1 . TABLE 7.1.2.2
RECOMMENDED EXPOSURE PARAMETER VALUES COMPARISON OF RESULTS FROM LSL-M2 ADJUSTMENT
FOR THE PCA BENCHMARK CONFIGURATIONS ANALYSIS FOR DIFFERENT INPUT DATA
BASED ON LSL-M2 ADJUSTMENT ANALYSIS (PCA 12/13 at 1/4 T)
Fluence > 1.0 MeV | Fluence > 0.1 MaV dpa Floasce > 1.0 MeV | FPluence > 0.1 NeV dps
—— — —
Valoe Value Value
Val T Sed. | val T Std. | val T Sed.
S — v tsput date | (x 108 | % sed. | (x 107) |2 sed. | (x 1029 | 1 sea. | X3/V
PCA 12/13:
All reactions
TS¥ 3.55-8 &b 6.33-6 5.2 s.52-27| 4.0 no scaling 4.23 3.3 1.3 4.9 7.08 3.3 | o.m2
TS8 3.85-7 8.0 7.66-7 8.0 5.98-28| 8.0
14 1.26=7 4.3 2.19-7 5.0 1.96-28| 4.0 :
1/4 T 4.22-8 | 3.9 1.35-7 5.3 7.03-29| 4.0 :2‘::::::"'
/21t 2.03-8 4.0 9.24-8 5.5 4.00-29| 4.2 g
e T 8.91-9 | 4.1 5.55-8 | 5.7 | 2.11-29( 4.5 scaling 4.22 =9 | 1.3 3.3 7.03 40 | 0.9
4 above but
PCA 6(11 SSC: a0 correls~
tions between
core center | 1,.58-4 7.3 2.89-4 8.8 2,21-2% ] 10.3 positions 4.25 4.0 1.7 5.8 .09 4.2 0.48
ssc 3.02-6 4.3 9.43-6 5.5 s.07-27| 5.2
1/4 1 2.18-7 4.3 8.95-7 5.7 4.60-28| 4.3
As above but
;;i s e ] -3 ;::_; :: f::_:: ;: o scaling 4.20 3¢ | 1.8 5.8 7.01 3.8 | 0.4
s 1.06-8 8.1 9.08-8 8.6 3.28-29| 8.5
Incounsistent
dosimeters
PCA 8/7: removed with
scaling &.22 3.9 1.3 5.3 7.0% 4.0 | 0.13
TSP 8.64-6 5.6 1.60-5 8.7 1.40-26| 6.8
Py 7.60-7 5.6 1.61-6 8.4 1.9-27] 6.3 :
1/6 T 2.62-7 | 4.8 | 8.98-7 8.8 | 4.46-28) 5.2 :::;:::‘::“
12t 1.25-7 5.1 5.92-7 9.4 2.%-28| 5.8 'm‘“
5 # A= 0.0 - $
- Lies | 2 | 1067 | 10e | Saes| 1008 eealing stinen M e bt (el ol Wi
As above but
with fission
chamber
weasurements 4.41 3.5 1.41 5.3 7.3 4.0 0.9
As above but
with SSTR
messurements 4.30 3.5 1.3 5.3 7.13 4.0 | 0.4




7.1.3 Data Copsistency -- RRSA Analysis
A F Thomas (Rolls-Royce and Associates)

1:1:341 Calculations

A consistency analysis of the recommended integral measurement data for the
various PCA experimental configurations has been carried out using the SENSAK
code (Mc79a) which uses a least squares data adiustment methodology. This
analysis has been performed on the 8/7, 12/13, and 4/12 SSC configurations
for the A2 (TSB/SSC), A4 (1/4 T PVS), AS (1/Z T PVS), A6 (3/4 T PVS), and

A7 (Void Box) locations.

Input Neutron Spectra

The input estimates of the neutron spectral shape were calculated using the
ANISN neutron transport code (En67) from the dimensions given in Figures
8.1.1, 8.1,2 and 8.1.3 in (Mc81). The nuclear data library used was EURLIB-4,
and the calculations were performed in 40 enegy groups between 14.9 MeV and
0.4 eV. The variance-covariances on the input spectra were based on previous
experience from sensitivity analysis of transport calculational methods and a
Gaussian distribution of correlation coefficients in which a full width half
maximum (FWHM) of 5 flux groups was used.

Detector Cross Sections

Neutron detector cross sections were based on a condensation of the IRDF82
dosimetry cross section file which is largely ENDF/B-V based. Variance-
covariance data was extracted from (Pr82), (Ma8l1), and (St80b) and
appropriately regrouped.

Intgggal Measurements

The integral measurements used were the recommended data given on Tables
2.3.6, 2.3.7, 2.5.8, 2.5.9, 2.5.10, and 6.1.1, together with their
uncertainties, which were separated into systematic and random eriors.
However, since thermal flux was not accurately calculated by the ANISN
calculations the bare U(n,f) reaction rates were not used in the
analyses.

The 237Np(n.f) and 238U(n,f) reaction rates used were primarily those given
in Table 6.1.1 which are average values of SSTR and fission chamber results
due to the unresolved 10% discrepancy between reaction rates measured by
these two techniques, However, in addition, analysis of the PCA 8/7(A4)
detector location using the radiometric reaction rates, together first

with the SSTR measurements only, and then with the fission chamber
measurements only was also carried out in order to ascertain which if any
of the methods gives the more consistent results,
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Eiks i Results

The results of the consistency analysis for all the PCA configurations
and detector locations are summarised in Table 7.1.3.1.

The source scale factor reflects the average renormalisation of the
ANISN calculated (c.f. the measured reaction rates) flux intensity
which was required prior to data adjustment since the one-dimensional
calculations of spectrs were of unknown intensity discrepancy. These
renormalisations were all within « & 20% of the calculated intensities
indicating that the ANISN calculations were of good quality.

The variance scale factor (VSF) is the value of A? per degree of
freedom, and reflects the degree of consistency between the calculated
and measured reaction rates. For VSF<].0, the implication is that the
agreement is unlikcly good given the size of the errors assigned to
each of the integral quantities; for VSF»|.0, an inconsistency between
calculated and measured reaction rates is implied. Generally the
analysis of the PCA measuremeuts showed VSF values less than 1.0 which,
in the main, is a reflection of the over-estimations of the errors on
the ANISN group fluxes,which were assumed to vary from about 30% in
the 1/E region and up to SOX in the near thermal and high-energy
fission regions. (All the other data inputs were either physically
measured or from evaluated data libraries). This conclusion was drawn
since with the exception of the 8/7 and 12/13 Void Box locations no
significant discrepancies between detector measurements were noted
which would ’'.ave otherwise caused an increase in the variance of the
ad justed data.

The val—es of VSF for the 8/7 locations were significantly lower than
those fur the 12/13 locations but since the number of measurements made
in these configurations was very similar, this may be ascribed to the
better accuracy of the ANISN calculated spectra in the less dispersed
configuration of the 8/7 array. However, the values of VSF in the

4/12 SSC array were considerably lower again than for the 8/7 array,
which is almost certainly due to the number of detecior measurements in
the 4/12 SSC array being limited to :%‘Np(n,f! and Ji*?(n,f). In these
circumstances, the degree of consistency between calculations and meas~-
urements can only be considered to be fortuitously good.

As indicated earlier and as can be seen in Table 7.1.3.1, the results
of the consistency analysis of the void box measurements resulted in
VSF values constiderably higher than those for other locations on thi
same configuration. For lhv‘Hﬁf configuration, this was primarily due

to the inconsistency of the "]'W'(I1,r ) (under cadmium) measurements in
’

£
the void Box (N.B. for the 4/12 SSC configuration, no ‘3)P(n,f) measure-

ments were made). However, the 12/13 voeid box location showed considerable

discrepancies between all detectors. One possible cause for these
discrepancies was considered to be the possibility that the ANISGN-
calculated spectrum in the void box was grossly inaccurate. In crder
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TABLE 7.1.3.1

SUMMARY OF RESULTS OF SENSAK CONSISTENCY ANALYSIS OF PCA DETECTOR

MEASUREMENTS (SSTR + RM + FISSION CHAMBER)

LOCATION DETECTOR SOURCE SCALE VARIANCE SCALE NEUTRON FLUX NEUTRON FLUX DAMAGE IN

POSITION FACTOR ECTOR (E > 1 Mevw)* (E >0.1 Mev)* IRON*

n/cm’/sec n/cm®/sec dpa/sec
8/7 CONFIGURATION
TSB A2(3) 0.92 0.57 8.51E~7 + 82  1.92E-6 + N 1.25E-27 + 72
PVS($T) A4 1.09 0.16 2.67E~7 + 32 8.97E~7 + 52 4.55E-28 + 3z
PVS(4T) AS 1.16 0.21 1.29E~-7 + 42 5.79E-7 + 62 2.56E-28 + 42
PVS(iT) A6 1.18 0.59 5.78E-8 ¥ 4%  3.39E-7 ¥ 12T 1.35E-28 ¥ 10%
Void Box A7 0,88 1.98 1.54E-8 + 2627 1.17E~7 + 212 4,24E-29 + 222
- A7 0.97 1.03 1.41E-8 + 72 1.09E-7 + 162  4,.10E-29 z 132
(23y(n, £)
omitted)
12/13 CONFIGURATION
TSB A2 1.01 .21 4.01E-7 + 102 7.42E-7 + 151  5.85E-28 + 92
PVS(1T) A4 1-13 0.81 4.50E-8 + 62  1.35E-7 + 112 7.41E-29 + 82
PVS(3T) A5 1.22 0.80 2.21E-8 + 6 5.C1E-8 + 121  4,20E-29 + 102
PVS(1T) A6 1.23 1.06 9.73E-9 + 81  5.37E~8 + 15  2,22E-29 + 132
Void Box A7 0.97 7.03 3.07E~-9 + 472 1.71E-8 + 452 6.93E~30 + 442
L A7 1,08 6.46 2.88BE-9 + 437 1.70E-8 + 472  6.78E-30 ¥ 412
235U(n,f) -
omitted
4/12 SSC CONFIGURATION

SSC A2 0.96 0.07 3.15E-6 + 2% 9.36E-6 + 4% 4,96E-27 + 2%
PVS(4T) A4 0.98 0.04 2,11E-7 + 1% 8.43E-7 + 3% 3.92E-28 » 22
PVS(4T) A5 1.04 0.17 1.02E~7 + 3%  5.41E-7 + 72 2.23E-28 + 5%
PVS(3T) Ab 1.11 0.19 4.65E-8 + 7 3.27E~-7 + 8% 1.24E-28 + 52
Void Box A7 0.84 0.70 1.18E-8 & 92  9.15E-8 + 16X  3.41E-29 + 14X

* Values given are per PCA core neutron/second




to investigate this possibility, the NE213 .pectrometer measurements

of the neutron spectrum in the void box of the NESDIP PCA (12/13)

Replica experiments at AEE Winfrith (UK) (Mc83c) were converted into

the same 40 neutron energy group scheme as the ANISN calculation and

used as a spectrum estimate in SENSAK., This spectrum was found to be
very similar to the ANISN spectrum in the 10 MeV - 0.05 MeV energy region
and resulted in no resolution of the detector discrepancies in the PCA
(12/13) void box location.

In order to compare the SSTR and fission chamber measurements, a limited
study was carried out on the PCA 8/7 (A4) location. The results are
tabulated in Table 7.1.3.2. It appears on the basis of the values of

VSF that the fission chamber measurements are more consistent with the
radiometric measurements than the SSTR's but the consequences in terms

of the determination of the dose parameters [i.e., neutron dose (E>l MeV),
neutron dose (E»0.l MeV)and dpa] are not significantly different in terms
of the parameter mean values or their errors.

TABLE 7.1.3.2

SUMMARY OF RESULTS OF SENSAK CONSISTENCY ANALYSIS: COMPARISON OF
USE OF SSTR AND FISSION CHAMBER 237 Np(n,f) AND 23y(n,f) MEASUREMENTS
IN PCA 8/7 (A4) LOCATION

MEASUREMENTS SOURCE SCALE VARIANCE SCALE NEUTRON FLUX NEUTRON FLUX DAMAGE IN

T USED FACTOR FACTOR (E>1 HeW)*  (E > 0,1 HeW)* TRON*
n/cm*/sec) n/cm®/sec dpa/sec

Fission Chamber 1.14 0.%0 2.82E-7 + 2 8.96E-7 + 4X 4.68E-28 + 2%

and Radiometric

SSTR +Radiometric 1.09 0.32 2.61E-7 + 22 B.92E-7 + 7% 4.53E-28 + 5%

Mean (SSTR +

Flssfon Chamber)+ 1.09 0.16 2.676-7 + 3 B.97E-7 4 5T 4,55E-28 + N

Radiometric

* Values given are per PCA core neutron/second.

7.1.3.3 Conclusions

The radiometric, SSTR, and fission chamber measurements in the
PCA(8/7), PCA(12/13) and PCA(4/12 SSC) configurations are
generally consistent and produce errors on exposure parameters

in the order of 5=15% (lo). The exceptions to this generalisation
are the void box locations in the PCA(8/7)and PCA(12/13)
configurations. Significant improvement in the consistency of

the PCA(8/7)void box location measurements can be achieved by
omitting the U( ,f) (under cadmium) SSTR measurement. However,
in the PCA(12/13) void box location there is generally poor
consistency between all measurements.

The discrepancy of 10% between the SSTR and fission chamber 2378p(n, £)

and 238U(n,f) measurements appears to make little material difference
in terms of estimates of exposure parameters and their errors.
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7.2 DERIVED EXPOSURE PARAMETERS
E. P. [Tppincott (HEDL), F. W. Stallmann (ORNL), A. F. Thomas (RR&A)

The derived exposure parameter values [¢(E > 1), o(E > 0.1), and dpa] are
given in Sections 7.2.] through 7.2.3 as calculated by HEDL, ORNL, and RR&A,
respectively, These values are calculated using the recommended fission
rates and radicmetric reaction rates given in Section 6.0 and the specific
methods and assumptions used are discussed in Section 7.1. Although all
three laboratories used a least-squares procedure to derive the exposure
parameters from a calculated neutron flux spectrum and the same integral
data, differences outside the aerived 1o uncertainties were observed in
some cases.

Comparisons of derived exposure parameter values in the block show differ-
ences between the three laboratories of up to 12%. No consistent bias
between the results exists, when all the configurations are considered.
These differences will have to be investigated and understood to further
increase confidence in the least-squares derived uncertainties.

Uncertainties in the exposure parameters also differ between the three labo-
ratories. ORNL has the lowest uncertainty estimates which reflect the
application of a more sophisticated approach and/or tighter tolerances on
the input spectrum shape. RR&A has the largest range of uncertainty values;
for example, for ¢(E > 1), the RR&A uncertainties range from 5% to 16%

in the block compared to HEDL values of 6% to 9% and ORNL values of 4% to 7%.

A comparison of the present results with those previously reported by HEDL
and ORNL (Table 7.3.1 of Mc81), indicates improved and closer agreement (pre-
vious differences ranged as high as 22%). Improved methods and different
assumptions have enabled ORNL to reduce their error estimates by a factor of
2 or more. HEDL uncertainty estimates are now higher because the results of
each measurement location were handled individually and the proton recoil
data were neglected.

7.2.1 Exposure Parameters -- HEDL Analysis
E. P. Lippincott (HEDL)

The HEDL derived exposure parameter results for three PCA configurations are
given in Table 7.2.1.1. As discussed in Section 7.1.1, these values are
based on a least squares analysis using as input calculated neutron flux-
spectra supplied by ORNL and consensus radiometric reaction rate and con-
sensus fission rate values as given in Section 6.1. The NRE data were not
used to derive the results in this section because of an unresolved
significant absolute bias (see Secticn 7.1.1.5).
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The following assumptions were made:

1)

2)

Conservative estimates of data uncertainties were used but normaliza-
tion error was only partly included since this uncertainty is exten-
sively correlated in the independent data measurements. The normali-
zation uncertainty should therefore be combinei with the uncertainty
values in Table 7.2.1.1 if a total uncertainty is desired. Uncertain-
ties in fission rates were not taken from estimated uncertainties in
the measurements but rather from the difference between the SSTR and
fission chamber results. When only one set of measurements was avail-
able (e.g., ***Th fission rates), the uncertainty was increased
accordingly.

The input flux-spectra were assumed to have a large normalization
uncertainty (100%) and the input group fluxes were assigned an uncer-
tainty of 25% with a short-range correlation of 0.8 extending over a
width of six groups (details of this formulation are discussed in
Section 4.2 of Mc81). Using these assumptions, the flux magnitude was
typically changed 5% to 15% and group fluxes were relatively shifted up
to about 15%. Thesze results provide confidence that the uncertainties
in Table 7.2.1.1 are realistic.

TABLE 7.2.1.1

RECOMMENDED EXPOSURE PARAMETER VALUES FOR PCA BENCHMARK
CONF IGURATIONS BASED ON FERRET SAND II ANALYSIS

Flux >].0 MeV Flux )g.l MeVy
(n/cmé per (n/cm® per dpa per
Location (Core meutron) Core Neutron) Lore Neutron

8/7 Configuration

/4 T 2.56 E-7 (=6%) 8.56 E-7 (214%) 4.26 E-28 (8%)
/2T 1.23 €<7 (£7%) 5.66 E-7 (215%) 2.4< E-28 (2108)
3/4 7 5.65 E-7 (#8%) 3.19 E-7 (z16%) 1.25 E-28 (211%)

12/13 Configuration

1/ 7 4.58 E-8 (£7%) 1.44 E-7 (214%) 7.45 E-29 (284
1727 2.2) E<8 (£7%) 9.73 €E-8 (2158) 4.4Z E-29 (zlua)
3/4 7 9.82 €-9 (27%) 5.93 E-8 (£15% 2.25 E-29 (£11%)

4/12 SSC Configuration

1/4 7 2.384 E-7 (£7%) 9.34 E-7 (t1ds) 4.Uc E-28 (tlUa)
172 T 1.15 E-7 (£7%) 6,17 E~7 (t14a8) 2.37 E-28 (2i1%)
3/4 7 4.87 E-8 (29%) 3.57 E-7 (214%) 1.23 E-28 (211%)
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1.2.2 Exposure Parameters -- ORNL Analysis
F. StalTmann ;

The ORNL derived exposure parameter results for three PCA configurations are
given in Table 7.1.2.1. The reader is referred to Section 7.1.2 for summary
information and a discussion of input data and relited uncertainties.

Te2e3 Exposure Parameters -- RR&A Analysis
. F. Thomas

The RR&A recommended exposure parameters for the PCA 8/7, 12/13, and 4/12 SSC
configurations (based on the analysis described in Section 7.1.3) are shown in
Table 7.2.3.1. For the purpose of defining the errors on these exposure
parameters, no variance scaling has been employed except in the case of PCA
12/13 void box parameters. For these parameters, the values are based on
analyses that omitted the apparently discrepant ***U(n,f) (under cadmium)
measurements. Since the response of this detector is principally below the
energy level at which the exposure parameters require a contribution, this is
considered justified.

The uncertainties on the exposure parameters are generally in the 5% to 15%
(1e) region.
TABLE 7.2.3.1

RECOMMENDED EXPOSURE PARAMETERS FOR PCA BENCHMARK
CONFIGURATIONS BASED ON SENSAK ANALYSIS

8/7 CONFIGURATION

158 A2(3) 8.518-7 2 ;1% 1.92B-6% 122 1.258-27 £ 3%
PVS(AT) M 2.678-7 * 3% 8.978-7 £ 132 4.55E-28 * 3%
PVS(4T) AS 1,298-7 % 92 $.798-7 £ 132 2.56E-28 % 9%
pvs(iT) A6 5.788-8 % 5% 3.398-7 £ 162 1.358-28 £ a2
Void Box A7 1.418-8 £ 72 1.098-7 £ 162 4.108-29 £ 132
12/13 CONFIGURATION
TS8 A2 4.018-7 £ 9% TATE-T £ 142 5.85E-28 % 8%
PVS(AT) Ab 4.508-8 £ 72 1.358-7 * |22 7.41E-29 % 92
PVS(4T) AS 2.218-8 ¢ 72 9.01E-8 £ )22 4.208-29 2 11%
PYS(AT) A6 9.738-9,% 8% 5.378-8 ¢ 52 2.228-29 % 132
void Box A7 2.88E-9 £ 432 1.708-8 I 472 6.78E8-30 £ 412
4/12 _SSC_CONFIGURATION
$8C A2 3.15E-6 £ a2 9.36B-6 % 152 4.968-27 L 32
PVS(AT) Ad 2.118=7 £ 52 8.43E-7 L 8% 3.928-28 £ 102
PVS(AT) AS 1.028-7 £ 7% s.4l8=7 £ 172 2.238-28 % 2%
PVS(ET) A8 4.65E-8 X 162 3.278-7 2 182 1.248-28 £ 112
Void Box A7 1.182-8 & |12 0.158-8 = |92 3.41E-29 = 172
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