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FOREWORD

The light water reactor pressure vessel (LWR-PV) surveillance dosimetry pro-
gram has been established by NRC in recognition of the importance of improv-
ing, maintainine, and standardizing neutron dosimetry, damage correlation,
and the associated reactor analysis procedures used for predicting the inte-
grated effect of neutron exposure to LWR pressure vessels., A vigorous
,esearch effort attacking the same measurement and analysis problems goes
forward worldwide, and strong cooperative 1inks between the NRC supported
activities at HEDL, ORNL, and NBS and those supported by CEN/SCK (Mol,
Belgium), EPRI (Palo Alto, USA), KFA (Jilich, Germany) and several U. K.
laboratories have been established. The major benefit of this program will
be a sigrificant improvement in the accuracy of the assessment of the
remaining safe operating lifetime of light water reactor pressure vessels.

The primary objective of the multilaboratory program is to prepare an up-
dated and improved set uf dosimetry, damage correlation, and associated
reactor analysis ASTM Standards for LWR-PV irradiation surveillance program..
Supporting this objective are a series of analytical and experimental vali-
dation and calibration studies in "Standard, Reference, and Controlled Envi-
ronment Benchmark Fields," reactor "Test Regions," and operating power
reactor "Surveillance Positions."

These studies will establish and certify the precision and accuracy of the
measurement and predictive methods which are recommended for use in the ASTM
Standards. Consistent and accurate measurement 2nd data analysis techniques
and methods, therefore, will have been developed and validated along with
guidelines for required neutron field calculations that are used to corre-
late changes in material properties with the characteristics of the neutron
radiation field. It is expected that the application of the established
ASTM Standards will permit the reporting of measured materials property
changes and neutron exposures to an accuracy and precision within bounds of
10 to 30%, depending on the measured metallurgical variable and neutron
environment,



The assessment of the radiation-induced degradation of material properties
in a power reactor pressure vesse) requires accurate definition of the neu-
tron field from the outer region of the reactor core to the outer bound-
aries of the press:—e vessel. Problems with measuring neutron flux and
spectrun are associated with two distinct components of LWR-PV irradiation
surveillance procedures: (1) proper application of calculational estimates
of the neutron fluence delivered to in-vessel surveillance positions,
various locations in the vessel wall, and ex-vessel support structures and
surveillance positions, and (2) understanding the relationship between
material jroperty changes in reactor vessels, in vessel support structures,
and in metallurgical test specimens in test reactors and at accelerate
neutron flux positions in operating power reactors.

The first component requires validation and calibration experiments in a
variety of neutron irradiation test facilities including LWR-PV mock-ups,
power reactor surveillance positions, and related benchmark neutron fields.
The benchmarks serve as a permanent measurement reference for neutron flux
and fluence detection techniques, which are continually under development
and widely applied by laboratories with different levels of capability, The
second component requires a serious extrapolat;-n of an observed neutron-
induced mechanical property change from test reactor "test regions" and
operating power reactor "surveillance positions" to locations inside the
body of the pressure vessel wall and ex-vessel support structures. The
neutron flux at the vessel inner wall is up to one order of magnitude lower
than at surveillance specimen positions and up to two orders of magnitude
lower than for test reactor positions. At the vessel outer wall, the
neutron flux is one order of magnitude or more lower than at the vessel
inner wall. Further, the neutron spectrum at, within, and leaving the
vessel is substantially altered.

In order to meet the reactor pressure vessel radiation monitoring require-
ments, a variety of neutron flux and fluence detectors are employed, most of
which are passive. Fach detector must be validated for application to the
higher flux and harder neutrcn spectrum of the test reactor "test region"
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and to the lower flux and degraded neutron spectrum at "surveillance posi-
tions". Required detectors must respond to neutrons of various energies so
that multigroup spectra can be determined with accuracy sufficient for ade-
quate damage response estimates. Proposed detectors for the orogram include
radiometric detectors, helium accumulation fluence monitors, solid state track
recorders, and damage monitors.

The necessity for pressure vessel mock-up facilities for dosimetry investi-
gations and for irradiation of metallurgical specimens was recognized early in
the formation of the NRC program. Experimental studies associated with high
and low flux versions of a PWR pressure vessel mock-up are in progress. The
low flux version is known as the Poolside Critical Assemb’y (PCA) and the high
flux version is known as the Pool Side Facility (PSF). Both are located at
ORNL. As specialized benchmarks, these facilities will provide well-
characterized neutron environments where active and passive neutron dosimetry,
various types of LWR-PV neutron field calculations, and temperature-controlled
metallurgical damage exposures are brought together.

The results of the measurement and calculational strategies outlined here will
be made available for use by the nuclear industry as ASTM Standards. Federal
Regulation 10CFR50 already calls for adherence to several ASTM Standards which
require establishment of a surveillance program for each power reactor and
incorporation of flux monitors and post-irradiation neutron field evaluation.
Revised and new standards in preparation will be carefully structured to be
up-to-date, flexible, and, above all, consistent.
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SUMMARY
HANFORD ENGINEERING DEVELOPMENT LABORATORY

(HEDL)

A description is given of the gamma ray spectrometry used at the Pool
Critical Assembly (PCA). Graphical results are given for the measurements
at the gquarter-thickness position in the simulated pressure vessel wall.
The current status of Compton Recoil Gamma Ray Spectrometry is summarized.

E. G. & G., Idaho, Inc.

(EGG)

A description is given of the Proton-Recoil Proportional Counter Neutron
Spectrometry performed at the Pool Critical Assembly (PCA). Measurements
were made at the front surface, quarter-thickness, and half-thickness
positions of the simulated pressure vessel wall and also in the void box.
The neutron energy range covered extends from 60 KeV to 2 MeV. A general
softening of the spectrum was observed with increasing radial distance from
the core. Changes in the detailed structure of the neutron spectral shape
were also observed.
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OAK RIDGE NATIONAL LABORATORY

(ORNL)

Funds to continue the transport calculations have been delayed to FY-81.
Assembly of the Simulated Surveillance Capsule (SSC) nears completion. The
assembly of the Simulated Pressure Vessel Capsule (SPVC), except for the
containment box which is being reworked, was completed, and the review of
heat tranasfer analysis for the capsules was completed.

Work in dosimetry was performed in three categories: 1) Evaluation and
uncertainty analysis of the dosimetry in the PCA 8/7 and 12/13 configuration
for comparison with calculated values from the PCA "Blind Test". 2)
Evaluation of dosimetry in the ORR-OSF startup program for the determination
of optimal irradiation ties in the PSF-PV metallurgical experiment. 3)
Review of the procedures used at NBS for the determination of fast fluxes in
the cavity of the Arkansas power reactor. This is done in the framework of
a more general review of unfolding and uncertainty analysis in commercial
power reactor for the ASTM E10.05.01 Task Group on Uncertainty Analysis.

NATIONAL BUREAU OF STANDARDS
(NBS)
An analysis is given of fast neutron flux measurements accomplished in the
ex-vessel cavity of an operating U.S. power rector. This anaiysis is
particularly significant in that it represents one of the first serious

attempts at defining the uncertainties in ex-vessel neutron dosimetry. The
report of analysis addresses two other important issues:
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(1) The advantages to be gained in reducing uncertainties in fast
neutron dosimetry by benchmark referencing the measurements against a
known, standard, neutron field;

(2) Methods for computing the variances of the benchmark-referenced
measurements, In particular, the methods provide physical insight about
the sources of uncertainties by newly derived error propagation
equations which explicitly consider the energy regions of significant
response for the various reaction rates. The report does not address
the issue of covariance error propagation or treatment of uncertainty
correlations in formation of selected averages, ratios or other
colletive uses of the individual measurements.

$-3
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A. STATUS OF IN-SITU REACTOR GAMMA RAY SPECTROMETRY

Raymond Gold
Bruce J. Kaiser

Objective

The objective is to determine absolute gamma ray spectra and dose rates in
Light Water Reactor-Pressure Vessel (LWR-PV) environments. Absolute gamma
ray data are needed in the LWR Pressure Vessel Irradiation Surveillance
Dosimetry Program to:

(1) Provide gamma ray heating estimates for designing high power LWR
metallurgical irradiation tests.

(2) Provide for correction of fission neutron dosimetry due Lo
photofission background.

At present, gamma radiation comprises the most uncertain element of the
LWR-PV radiation field.

Summar y

The current status of Compton Recoil Gamma Ray Spectrometry is summarized.
Special attention is given to advances in experimental technique for measur-
ements in reactor environments., In-situ gamma ray spectrometry efforts at
HEDL in the U.S. Light Water Reactor (LWR) and Breeder Reactor (BR) programs
are described.
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Accomplishments and Status

1. Introduction

In reactor environments, the radiation field is comprised of two principal
components, neutrons and gamma rays. The history of reactor development
reveals an initial overridirg concern for the neutron component of the
radiation field. Such initial emphasis is completely understandable, since
fission reactors are neutron chain multiplying assemblies. Significant
effects due to the gamma ray component in reactor design, shielding, and

safety were recognized only after a considerable amount of time. Recognition
0¥ these effects provided the impetus for improved characterization of reac-
tur gamma ray deposition and spectra. These general motivations have been
raviewed in depth(l’z) and were also summarized in the 11th Interlabora-
tory Reaction Rate Program (ILRR) progress report.(3)

In contrast to these general motivations, more specialized needs often arise
for reactor gamma ray spectral data. For example, specific needs exist for
radiation damage specialists using high power radiation test facilities to
test, develop, and improve reactor fuels and materials. For these
specialists, the temperature of a given radiation damage experiment is a
crucial variable. Such radiation damage experiments can neither be properly
designed nor analyzed without an adequate knowledge of the irradiation
temperature history. The temperature history can ultimately depend upon the
reactor gamma ray component, since the source of reactor heat generation can
principally arise through gamma ray interactions.

The most fundamental quantity underlying the description of the reactor
gamma ray component is ".e absolute gamma ray energy spectrum. Radiation
effects arising from the gamma-component are induced by the interaction of
the absolute gamma ray erergy spectrum in the reactor environment. Co. se-
quently, accurate definition of this absolute spectrum is the goal of both
theory and experiment. An urgent and pragmatic need now exists for reactor
benchmark gamma ray spectrometry in the U.S. LWR and BR programs.

HEDL-4



In reactor environments, gamma ray spectra are continuous, so the absolute
magnitude, as well as the general shape of the gamma continuum, is of par-
amount importance. Conventional methods of gamma ray detection are, thus,
not suitable for in-core gamma ray spectrometry. To meet such specific
needs, a method of continuous gamma ray spectrometry, namely Compton Recoil
Gamma Ray Spectrometry, was developed for in-situ observations in reactor
environments.(4'6) In addition to applications in reactor science, (7-10)
it has been used to measure gamma continua which arise in such applied dis-
ciplines as shielding, dosimetry,(ll) health physics,(lz) radiobiology

and environmental science.(13'l4) A brief summary of earlier efforts can
be found in references 1 and 2.

The current status of the method is described in the next two sections,
which deal with gamma ray spectrometry probe design and response charac-
teristics, respectively. In the last two sections, emphasis is given to
gamma ray spectrometry work in U.S. LWR and BR programs. Gamma ray spec-
tometry in BR ervironments is outlined by focusing on startup plans for the
Fast Test Reactor (FTR),(IS) and gamma ray spectrometry results are pre-
sented for an LWR pressure vessel mockup in the Poolside Critical Assembly
(PCA) at Oak Ridge National Laboratory (ORNL).(16)

2. Spectrometer Design

The basic principles underlying Compton Recoil Gamma Ray Spectrometry are
adequately descried in the literature (4"6). The basic elements that com-
prise the current gamma probe are displayed in Figure HEDL 1. Different
lithium-drifted silicon solid-state detectors (Si(Li)) can be housed ir the
same vacuum chamber with little or no change in mounting hardware. Two
configurations have been used to date: a l-cm3 planar detector and a

2-cm3 planar detector.

HEDL -5
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FIGURE HEDL 1. Detector Probe for Continuous Compton Recoil Gamma-Ray Spectrometry,



a. Summary Status of the Current Spectrometer Design

Vac-Ion Pump -- The inclusion of a miniaturized vac-ion pump (0.1 Ys),
capable of maintaining a probe pressure of 107% Torr at 43°C ambient,

offers three improvements:

o Increased thermal insulation due to reduction factor of 103 or
more in vacuum chamber pressure

° Reduced overall probe size
. Extended probe flexibility

Thermolectric Cooler -- A smaller, more efficient, Peltier junction

thermoelectric cocler (TEC) is used, which increases cooling capacity,
reduces the heat load, and is capable of cooling the sensor aund Field Effect
Transistor (FET) first input stage to 50°C below the aluminum dissipator
temperature.

Aluminum Radiator -- A slotted aluminum radiator, which acts as a heat
dissipator, can maintain the hot side of the TEC at -20°C in small reactor
access ports of up to 40°C ambient. If necessary, this slotted aluminum
radiator can be cooled by forced gas flow.

The net result of the vac-ion pump, TEC, and Aluminum Radiator acting
together is to improve probe temperature stability, thus eliminating
temperature dependent effects for mc.c in-core gamma ray spectometry.

Preamplifier -- The preamplifier, a slightly modified and extensively
reconfigured version of the ORTEC 142A design, possesses near-ideal

characteristics ior Compton Recoil Gamma-Ray Spectrometry with a rize time
adjusted to 50 nsec and a combined preamp plus cooled sensor noise level of
~50 uV (RMS). As a consequence, electron energy resolution of ~5 keV
(FWHM) at 0.661 MeV (137Cs photo-peak energy) has been achieved.

Pulse Processing -- Overall pulse processing instrumentation has evolved

significantly over earlier electronic circuitry (see Figure HEDL-2).
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The net result of the preamplifier and improved pulse processing instrumen-
tation acting together produces:

. Excellent rise time resolution (see Figure HEDL-3)

. Rise time observations that are essentially independent of pulse height
(energy) aside from noise broadening

. The capability of accurately measuring Si(Li) detector sensitive volume
(see Section 3)

. Accurate characterization of overall energy-angular response,

TEC POWER SUPPLY

JEC
(7///] VAC-ON PUMP

POWER SUPPLY

THRMISTOR Po—_— N
TEMP. READER HERIRSTO

VAC-
ION
PUMP

VACUUM CHAMBER

PULSER p———— | CETECTOR BIAS SUPPLY

PULSE AMPLITUDE ENERGY) PARAMETER RISE-TIME PARAMETER

RESEARCH - DELAY 4 INE
AMPLIFIER AMPLIFIER

B

DUAL
CONSTANT
FRACTION
DISCRIMINATOR

4 +

TAC

ADC ADC

COMPUTER-BASED MULTI-PARAMETER ANALYZER

HEDL 7908-095.1

FIGURE HEDL 2. Instrumentation Block Diagram for Compton Recoil Gamma Ray
Spectrometry.

HEDL-8



3. Response Characteristics

For absolute measurements, the extent of ti: wzxs.c'ue region of the Si(Li)
detectors used in Compton Recoil Gamma R:y .pestroms*ry is of critical
importance.(ll) Current spectrometry sy.-=: capapilities now permit
quantitative measurement of this sensitive region by resolving differences
in pulse rise time between the sensitive region and semi-sensitive regions.
To date the planar 1- and 2--cm3 “i(Li) detectors have been investigated by
stepping a 0.1524 cm diame'er beam of 54Mn gamma rays across appropriate
orthogonal surfaces.

Typical response rise time spectra (RTS) for a 2-cm3 detector are
displayed in Figure HEDL-3. Note the shift from predominantly slow to fast
rise time events as one steps the source and down the side of the detector
away from the detector face. The c-type spectrum is observed as the
traverse continues until the last two 0.127 cm steps, where the b- then
a-type spectra are repeated. Traverses across the face and back of the
detector follow the same general pattern., Thus, the two important regions
of the detector are dimensionally defined; the semi-sensitive outer shell
with its slower rising pulses (due to trapping and E-field reduction
resulting from under or over compensation of lattice impurities), and the
sensitive volume with its faster rising pulses.

0f, perhaps, greater significance is the sensitivity of these RTS obsarva-
tions that enables measurement of the finite-size retention probability of

recoil electrons in these Si(Li) detectors. The retention probability, P,
of electrons in the finite sensitive volume of a detector depends on a
number of variables. In general, P depends upon the gamma ray energy €y
the recoil electron energy, E, and the angle of incidence of the gamma ray
8. Hence, the retention probability is generally denoted by P(go, E,® ).

RTS measurements of such sensitivity were not possible before, so certain
simplifying assumptions were made in the unfolding analysis of observed

HEDL-9
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electron spectra.(4°6) In particular, P was assumed independent of both

€o and 6. With the present capabilities of observing RTS, one no longer
need rely on such assumptions, so more accurate data analysis can be per-
formed. On the other hand, these very capabilities permit investigation of

the validity of these earlier assumptions.

Response measurements are made with a point source of gamma rays rotated
about the detector from the face (0° incidence) to the back (180° inci-
dence) in 45° steps. Rise time and energy data are accumulated at each
position in a two-parameter, 64 x 64 channel mode. Figure HEDL-3 displays
typical response RTS. The retention probability, P(co, E,e ), is obtained
by first fitting the faster rise time peak with a Gaussian distribution,
then the area under this Gaussian distribution is divided by the total num-
ber of counts in the RTS to obtain P(eo, E,e ). Calculations are per-
formed for all electron energy bins, E,, at each angle of incidence.

4, Gamma Ray Spectrometry Plans for the FTR

A reactor characterization program (RCP), which consists of Very Low Power
(VLP), Low ">wer (LP), and High Power (HP) irradiations(ls), has been
planned and scheduled for the Fast Test Reactor (FTR) at startup. In-core
gamma ray spectrometry will be carried out at VLP in a specially designed
FTR insert calied the In-Reactor Thimble (IRT). The IRT insert replaces a
centrally located fuel assembly (No. 2201) in the FTR core for VLP measure-

ments and provides an adequate environment for the operation of the in-core
fission chamber, ionization chamhers, and spectrometry probes.

In-core continuous gamma ray spectrometry is planned as the first experiment
in the IRT. As such, it will be conducted concurrently with fuel loading in
the third trisector of the FTR. Axial locations at mid-plane and in the
lower axial reflector, about 80 cm below mid-plane, have been assigned for
these measurements.

3 3

» Will be used in the IRT.
Background rates for these experiments are expected to be very high.

HEDL-11
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Estimated background rates at mid-plane with all rods in (keff Z 0.90) are
roughly 5 x 103 and 104 count/s for the smaller and larger detector,

respectively. These high background count rates stem from the sponataneous
fission rate of FTR core 1 fuel, which is 22 wt % plutonium.

Total VLP gamma ray count rates, with rods adjusted for keff = 0,95 to

0.98, will be roughly 2 to 5 times higher. Even for these very high rates,

it may still be possible to collect data in a two-parameter mode for the

smaller l-cm3

2-cm3

planar detector. However, data collection for the larger
detector will probably be restricted to the one-parameter mode. In

this manner, spectral sensitivity will be extended up to roughly 4 MeV and
perhaps higher.

5. Gamma Spectrometry in LWR Environments

Gamma continua were observed in the low pressure vessel (PV) mockup at the
PCA. This mockup represents a controlled irradiation field set up at ORNL
to study and gquantify the complex radiation field that arises in the LWR-PV
Irradiation Surveillance Dosimetry Program. There is a need for improved
gamma heating data to aid in the design of nhigh power LWR-PV irradiation

experiments. In addition, the response of fission threshold dosimeters used
in LWR-PV environs can possess non-negligible contributions induced by

photofission. Consequently, these photofission contributions must be more
{
accurately assessed. (17,18,19)

Gamma measurements were restricted to the interior of the PV block in this
work. Observations were carried out at midplane in the T/4, T/2, and 3T/4
locations* using a 12/13 configuration (i.e., water gaps of 12 cm and 13 cm
for the distance between the core face and thermal shield and between the
thermal shield and PV face, respectively). At each location, foreground
data were collected with the reactor at a power level of a few watts, and

*The T/4, T/2, and 3T/4 designations represent distances from the front fa.e
of a PV block whose total thickness is T.
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background data were collected with the rez:-tor shutdown. As a representa-
tive case, the background and foreground electron spectra observed at the
T/4 location with a 2-cm3 planar Si(Li) detector are presented in Figure
HEDL-4 and HEDL-5. The corresponding unfolded gamma spectra are displayed
in Figure HEDL-6 and HEDL-7. These results can only be regarded as prelimi-
nary because analyses for both finite-size effects and experimental error

have not yet been performed.

Expected Achievements

Analysis of finite-size effects for in-situ gamma probes will be completed.
Experimental error estimates will be generated for reactor gamma spectrom-
etry. These analyses will be incorporated in computer codes to produce

spectral measurements which accourt for systematic effects and experimental

error. Startup gamma spectrometry measurements will be carried out in the
FTR.
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PROTON-RECOIL NEUTRON SPECTROMETRY AT THE POOL CRITICAL ASSEMBLY

W. Rogers

G. & G., Idaho, Inc.

Objective

To obtain neutron spectral scoping measurements in the Poolside Critical

Assembly (PCA) at Oak Ridge National Laboratory (OPNL).

Summary

Fast neutron spectrum measurements have been made in the Pool Critical
Assembly {PCA) associated Light Water Reactor (LWR) Dosimetry Pressure
Vi:ssel Benchmark (PVB) fields. These measurements cover the neutron energy
range between approximately 60 keV and approximately 2 MeV. Hydrogen and
methane filled proton-recoil detectors were used to obtain the proton-recoil
spectra from which the neutron spectra were derived. Measurements were
taken at the midplane elevation on the surface, at 1/4 thickness of the
steel, at 1/2 thickness of the steel and in the void box positions of the
WB. The neutron spectra showed considerable variation at the various
positions with the energy distribution shifting toward lower energy between
the face and void box of the PVB. In a similar manner considerable spectral
structure developed in the spectra. These measurements we-e performed to
provide neutron spectral definition which is required to appropriately per
form and interpret neutron dosimetry measurements related to fast neutron
damage in light-water pressure vessel steels, These measurements als«

vide data for comparison with calculated spectra.

Accomplishments and Status

Nuclear Requlatory Commission (NRC) has established a 1ight water

reactor pressure vessel (LWR-PV) surveillance dosimetry program to improve,




maintain and standardize neutron dosimetry and damage analysis procedures
used to assess the damage in the steel of LWR-PV. Part of this program
involves validation and calibration experiments in neutron fields relevant
to LWR-PV. The Pool Critical Assembly (PCA) associated LWR Pressure Vessel
Benchmark (PVE) neut on field has been established to simulate the neutron
fields to which LWR-PV are exposed. This is a low neutron flux density
field where measurements can be made to study dosimetry and damage analysis
techniques and to guide neutron field calculations.

The accurate assessment of radiation induced damage requires a good know-
ledge of the neutron energy spectrum of the neutron field involved since
damage is neutron energy dependent. The well established proton-recoil pro-
portional counter technique (1,2) is one of the more accurate methods for
obtaining high resolution neutron energy spectrum measurements. This method
has been used to measure the neutron energy spectra found in the PCA-PVB
fields covering the energy range between approximately 60 keV and
approximately 2 MeV. Hydrogen and methane filled detectors were used to
obtain the proton-recoil spectra from which the neutron spectra were
derived. SMeasurements were taken at the midplane elevation on the surface,
at 1/4 thickness and 1/2 thickness of steel and in the void box positions
ofthe pressure vesselsimulator (PVS). The neutron spectra showed con-
siderable variation at the various positions with the energy distribution
shifting toward lTower energy between the face and void box of the PVB. In a
similar manner considerable spectral structure developed in the spectra.

II. EXPERIMENTAL DESCRIPTION

The PCA-PVB has been established at Oak Ridge National Laboratory (ORNL).
This facility provides experimental access to locations in the Pressure
Vessel Simulator (PVS) so measurements related to dosimetry and damage can
be made in conditions similar to those existing in a LWR-PV. A conceptual
drawing of the PCA-PVB is shown in Figure EGG-1. The PCA core is a light
water moderated, enriched uranium fueled, Material Test Reactor (MTR) plate

EGG-4



type elements critical assembly which provides the source of leakage

neutrons for the PVB. The facility is located in a large pool of water

maintained at approximately 100°F,

The PVB consists of the reactor core plus variable slab configurations of
simulated thermal shields, pressure vessel containment and void region.
Experimental access tubes allow for measurements to be made in and around
these components. The PVB can be positioned at the desired distance from
the face of the core. Measurements were made at the midplane elevation on
the surface of the PVS, at 1/4 thickness of the PVS, at 1/2 thickness of the
PVS and in the void box of the PVS. The PVB was in the "8/7" designated
configuration which refers to the geometrical arrangement of the thermal
shield (stainless steel) and PVS where the “"8" refers to the distance (cm)
between the face of the PCA core and the thermal shield, and "7" refers to

the distance {cm) between the thermal shield and the PVS.

Proton-recoil detectors of cylindrical geometry were used for these
measurements and are described in Table EGG-1. Five detectors, three
predominantly hydrogen filled and two methane filled, were used where gas
pressure was used as the parameter to discriminate against gamma events and
to cover neutron energy ranges with enerqy overlap between detectors of
different pressures. The detectors were positioned so that the sensitive
region of the detector was centered at midplane of the PVB. The space
surrounding the dctectors was filled with plastic (to simulate water) for
the measurements at “he surface of the PVS and with steel for the
measurements in the PVS. No fillers wre used in the void box. During the
fast neutron measurements the detectors were shrouded with cadmium to

] ' ‘ o
inhibit the 4N(n,p)mC reaction in the filling gas.

The preamplifier and associated filler pieces were placed in close proximity
with the detectors. Cables were routed out through the access tubes to the
analog electronics, power supply and data acquisition system which recorded
the data. Because of the very high humidity in the access tubes, it was
necessary to continuously purge the preamplifier-detector region with dry
nitrogen to prevent high voltage breakdown.
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IT1. EXPERIMENTAL RESULTS

Measurements were made to assess the gamma-ray counting rates and their
influence on the proton-recoil distributions. The gamma-ray counting rate
is createst at the face of the PVS and decreases going through the PVS.
Total counting rates of up to a few thousand counts per second were observed
with approximately 25% of the counts due to proton recoils above the max imum
energy of the gammas in each detector. Proton-recoil distribution distor-
tion due to the gamma-ray counts was assessed by coiparing the shape of the
14N(n,P)14C peak obtained in a very low gamma-ray and neutron field with
that obtained in the PCA-PVB field. No changes in the shape of the
4N(n,p) '“C peak were observed.

Energy calibration was obtained with the 1“N{(n,p)!“C reaction from thermal
energy neutrons which produces monoerergetic neutrons of approximately

600 keV. This could be done at all of the PVB locations by shrouding the
detector with plastic. It was found that moving the detector preamp assem-
bly from one position to another did not cause detectable shifts in the
calibration thus reducing the number of calibration runs required in a
series of measurements. The energy of the “N(n,p)!“C peak was taken to be
600 + 15 keV which places an error of approximately + 3% (1o) on the energy
scale for these measurements.

Proton-recoil spectra were obtained with each of the detectors at the center
midplane elevation in the experimental access tubes at the surface of the
PVS, in the 1/4 and 1/2 thickness of the PVS, and in the void box of the PVS.
The experimental access tube at the surface of the PVS was removed during all
other measurements. An 0.05 cm tunick cadmium shroud was placed around each
detector during the measurements to inhibit the thermal neutron induced
1“N(n,p)1“C reaction. Measurements with and without the cadmium at the sur-
face of the PVS showed that the cadmium removed the peak from the “N(n,p)!'“C
reaction. Each detector was also exposed to only ®%Co gamma rays of approxi-
mately the same intensity as the gamma rays of the PVS environment to deter-
mine the minimum energy to which the data could be analyzed for neutron spectra.
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In order to keep the total counting rates at acceptable levels the power
level of the PCA was adjusted on a measurement- to-measurement basis. Total
counting rates of up to 8000 c/s were necessary for the measurements at the
face of the PVS and up to 5000 c¢/s at the ther locatio s It was not
possible to take data with the PCA opera.ing under servomechanism control
because of the noise generated by the system, The PCA was operated under
manual control at power levels between 0.2 and 4.0 watts (thermal) during
the measurements, and no data were collected while the manual adjustments
were being made to stabilize the power level or to change the power level.
Measurement times of 20 to 60 minutes were adequate to provide counting
statistics equal to or less than 2% (1o) in all channels of data used for

spectral analyses,

The nominal energy ranges covered by each detector are found in Table EGG-]
The minimum energy to which the data could be analyzed depended upon the

gamma to neutron ratio at each specific location.

The data were analyzed using the unfolding techniques and routines of

Bennett, Geld and QOlson (1). The neutron spectra obtained from these

measurements are presented graphically in Figures EGG-2 through EGG-5 and

are tabulated in Table EGG-2. Each spectrum has been arbitrarily scaled
to a magnitude of unity at 0.1 MeV corresponding to the energy where neutron
damage becomes significant. The corrected spectra have been corrected for
response function effects as described in Reference (1). The uncorrected
spectra were derived from the uncorrected proton-recoil distributions (see
Reference 3). The relative fluxes in Table EGG-2 are estimated to have
uncertainties of approximately + 10% (1o) between 0.1 and 1.0 MeV where
there is very little difference between the neutron spectra derived from
the uncorrected and corrected proton-recoil distributions. These measure-
ments were made in neutron fields with significant flux gradients and per-
haps with considerable energy anisotropy. Some of these spectra are con-
siderably different in shape than those for which the unfolding techniques
were developed, therefore, some caution should be taken in any conclusions

drawn from these measurements. The spectra at the void box and 1/2 thickness




are very similar in shape to those for which the unfolding techniques were
developed and should be very realistic results, but the PVS face and 1/4
thickness are considerably "harder” and may need some cautious interpreta-
tion or further study.

IV. CONCLUSIONS

These measurements have demonstrated that it is possible to obtain proton-
recoil spectra in the PCA-PVS neutron fields over an energy range of approxi-
mately 60 keV to approximately 2 MeV without serious interference from gamma
radiation at the existing conditions. These measurements show spectral
changes in the PVS which are qualitatively expected. There is a general
shift toward lower energy in the spectra between the face of the PVS and the
void box. This information is significant in the interpretation of dosimetry
measurements related to fast neutron damage because it provides the neutron
energy distribution in the energy range where the onset of damage occurs.

Expected Achievements

As follow-on studies to these successful scoping measurements, more detailed
proportional counter neutron spectrometry is scheduled for the LWR-PVB at
the PCA.
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TABLE EGG-]

DESCRIPTION OF CYLINDRICAL PROPORTIONAL COUNTER DETECTORS

1 atm H2 2.63 atm H2 5 atm “2 2.63 atm CH4 5 atm CH4
Inside Diameter 2.46 cm 2.23 cm 2.46 cm 2.46 cm 2.23 cm
Body Length 12.7 cm 11.43 cm 12.7 cm 12.7 cm 11.43 cm
Center Wire Diameter 25.4 ym 25.4 ym 25.4 um 25.4 ym 25.4 wm
Sensitive Length 7.62 cm 7.62 cm 7.62 cm 7.62 cm 7.62 cm
Field Tube Diameter 127.0 ym 127.0 ym 127.0 ym 127.0 ym 127.0 ym
Field Tube Lengths 2.38 cm 1.9 cm 2.38 ¢m 2.38 cm 1.2 cm
Sensitive Volume 36.7 cm’ 29.73 e’ 36.7 e 36.7 cm’ 29.73 cm’
H2 Pressure 76 cm Hg 200 cm Hg 380 cm Hg
CH4 Pressure 4 cm Hg 20 cm Hg 19 cm Hg 200 cm Hg 380 cm Hg
N2 Pressure 4 cm Hg 10 cm Hg 19 cm Hg 10 cm Hg 19 cm Hg
Stainless Steel Body 40.6 um 76.2 um 40.6 um 40.6 um 76.2 ym

thick thick thick thick thick
Resolution' 5% FWHM 5% FWIM 6 % FWHM 6% FuHM 8% FWHM
Minimum Energy 60 keV 120 keV 180 keV 280 keV 440 keV
Maximum Energy 350 keV 450 keV 620 keV 970 keV 2000 keV

' Full width at half maximum resulting from *N(n,p)!“C reaction at 600 keV.




TABLE EGG-2

COMPARISON OF RELATIVE FLUXES MEASURED IN PCA-PVS

Measurenent Positions

fazci FACE 1/4 Thickness 1/2 Thickness Void Box
0.10 1.00 1.00 1.00 1.00
0.12 1.18 1.25 1.52 1.85
0.14 1.21 1.47 1.89 2.12
0.16 1.36 1.53 1.82 1.84
0.18 1.48 1.78 1.95 2.09
0.20 1.59 1.69 1.82 1.90
0.23 1.73 1.95 2.22 2.40
C.26 1.90 2.20 2.70 3.25
0.30 2.18 2.78 3.20 3.35
0.35 2.40 2.95 3.30 3.35
0.40 2.31 2.80 2.80 2.45
0.45 2.50 2.85 3.13 2.60
0.50 2.80 3.09 3.35 3.03
0.55 2.83 3.30 3.75 3.55
0.60 3.30 4.00 4,57 4.04
0.65 3.82 4.30 4.50 3.70
0.70 3.53 3.83 3.55 2.75
0.75 3.41 3.17 2.80 2.00
0.80 3.52 2.88 2.73 1.85
0.85 3.60 2.82 2.70 2.03
0.90 3.55 2.87 2.51 2.01
0.95 3.35 2.86 2.35 1.85
1.00 3.20 2.75 2.29 1.67
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Figure EGG-1. Concentual drawing of the PCA-PVS benchmark facility
showing components and experimental access tubes.
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A. NEUTRON FIELD CHARACTERIZATION-TRANSPORT CALCULATIONS

. F. Miller

. A. Baldwin

. E. Maerker

. Minsart (CEN/SCK)
. J. Wagschal

coHhomor

A1l transport theory calculations have been postponed to FY-81 due to
lack of funding.

B. BENCHMARK FIELDS

J. A. Conlin
I. I Siman-Tov
T. M. Sims

Objectives

The objectives of this task are: 1) to validate and guide neutron transport
calculations for the LWR-PY program, 2) to establish well-characterized
neutron environments for the validation of dosimetry and damage correla-
tion techniques, and 3) to demonstrate the 7pplicability of the results

in reactor pressure vessel configurations. The resuits of this task will
have a direct impact in the preparation of ASTM Standards for Surveillance
of Nuclear Reactor Pressure Vessels.

Summary
A1l scheduled reaction rate measurements for the PCA "Blind Test" were

completed.

ORNL-MOL -3



The structural components of the ORR poolside facility (PSF), which will
simulate power reactor steel-water configurations have been completed.
The dosimetry capsules for the PSF startup experiments and the PSF start-
up dosimetry experiments were completed.

The two instrumented irradiation capsules (IIC), the simulated surveillance
capsule (SSC) and the simulated pressure vessel capsule (SPVC) are in
various stages of completion. The expected data of completion is

April 1, 1980. A review of the heat transfer analysis for the capsule

are complete and do.umentation of the heat transfer analysis is underway.

Accomplishments and Status

At the PCA, radiometric and fission chamber measurements were performed in
the "Blind Test", 8/7 and 12/13 configurations. Also during the latter
part of November, fission chamber checks cf the core power level and
fission chamber traverses in water for the PCA "Blind Test" in the

12/13 configuration were made. Further fission chamber traverses were
run in the 8/7 configuration for all positions from the thermal shield
front to the void box for the 435U(n,sf) reaction (cadmium covered) and
checks =€ the reactor instrumentation linearity were made. The data

from this work is being analyzed as indicated in Section C, Dosimetry

.nd Damage Correlation Analysis, of this Quarterly Report. A1l scheduled
experiments have now been completed at the PCA.

At the ORR-PSF, the fabrication, assembly, out-of-pool checkout, instal-
lation, and in-pool checkout of the structural support and dosimetry
capsules for the simulated surveillance capsule (SSC) and the simulated
pressure vessel (PV) capsule were completed. All engineering drawings
were revised to reflect the as-built facility.

ORNL -MOL -4
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C. DOSIMETRY AND DAMAGE CORREIATION ANALYSIS

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

Objective
The objective of this portion of the program is to obtain reliable informa-

tion from dosimetry measurements and neutron transport calculations and
to correlate the spectral parameters with structural changes in reactor
components. The information will be directly applicable to the prepara-
tion of several ASTM Practices for the PWR-PV Irradiation Surveillance
Program.

Summary
Work performed during the reporting period in connection with this portion

of the program falls into three major categories:

1. Evaluation and uncertainty analysis of the dosimetry in
the PCA 8/7 and 12/13 configurations for comparison with
calculated values from the PCA "Blind Test".

2. Evaluation of dosimetry in the ORR-PSF startup program for
the determination of optimal irradiation times in the PSF-PV
metallurgical experiment.

3. Review of the procedures used at NBS for the determination of
fist fluxes in the cavity of the Arkansas power reactor.
T1is is done in the framework of a more general review of
.nfolding and uncertainty analysis in commercial power
reactors for the ASTM E10.05.01 Task Group on Uncertainty
Analysis.
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Accomplishments and Status

Raw counting data from fission chamber measurements in PCA performed by
A. Fabry (CEN/SCK) and E. D. McGarry (NBS) have been transferred to DEC-10
files. These are being analyzed and summarized using computer prograas
which were developed earlier. The procedures are similar to those used
in determination of the core power distribution (see Quarterly Report,
Jan.-Mar., 1979). Raw counting data from radiometric measurements per-
formea by A. Fabry were also transferred to the DEC-10 and processed.

A Tir,t summary of the radiometric and fission chamber dosimetry which
is suitable for comparison between calculated and measured data in the
"Blind Test" is near completion. A more refined unceriainty analysis
intercomparison with radiometric measurements from other installations
will be performed later in order to reduce the uncertainty bounds.

The same procedures are being used to analyze the radiometric dosimetry

~ the PSF startup program. Preliminary data have been obta ned, a more
thorough analysis will be performed later. The data will Le used to pre-
dict, in connect on with the results obtained in the PCA, the flux spectra
in the metallurgical capsules of the PSF metallurgical experiment. Op-
timal irradiation times for this experiment will be determined from these
data to arrive at the correct neutrun exposures for the metallurgical
specimens.

In July 1979, J. A. Grund] et al, distributei a memorandum concerning the
estimation of fast fluxes (>1 MeV) in the cavity of the Arkansas power

reac *. The results of this paper were based on radiometric measure-

ments and flux transfer from benchmark fission fields. In reviewing

this paper, F. W Stallmann suggested some simplifications of the procedures
used and some imyrovements of the uncertainty analysis. A copy of this
review appears in Appendix B.
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Based on the ideas of the NBS paper and its review, a very general adjust-
ment (unfolding) procedure can be constructed which operates on the
logarithm of input data. In such a procedure, ratios like spectral
indices and benchmark referenced reaction rates, can be ~indled directly.
A1l uncertainties appear as relative accuracies as it is customary in
these applications. Also the adjusted values can never become negative,
as may happen with STAYSL or other linear adjustment procedures. A

first version of the new adjustment code has been tested successfully.

The bulk of the work on this new code will be performed in FY-8! if

funds are available.

A more general paper concerning the use and impact of covariances in
reactor dosimetry has been prepared by F. W. Stallmann for presentation
at the meeting of the ASTM E10.05.01 Task Group on Uncertainty Analysis
in New Orleans, Jan. !6, 1980. This paper addresses specifically the
question about the role of the Task Group ir providing guidance to -e-
searchers and practitioners in reactor dosimetry. The correct .pplica-
tion of covariances can be important for the Jetermiration of spectral
parameters and their uncertainties Ly means of adjustment codes. A
cony of this narer 35 included in Appendix C.

Expected Accomplishments in the Next Report Period
The results from the PCA "Blind Test" will be evalvated and summarized.
Deviations between calcuiated and measured reaction rates will be deter-

mined and, if possible, related to specific sources of errors (e.g. cross
section library, source fission spectrum, modeling errors). Results will
be ready for presentation at a meeting at NBS, May 23, 1980.

Eval .s7ion of the PSF startup dosimetry will continue.

ORNL -MOL -9



The PSF startup dosimetry program was completed in 18 days. The program
consisted of low-, intermediate-, and full-power dosimetry runs.

A. Alberman of Saclay was at ORNL three days to complete his damage
monitor experiments using o-aphite and tungsten sensors. Mr. Alberman
agreed to send the results :r the damage monitor experiments by the
second quarter of FY-81  A.Fabry (CEN/SCK) with the help of

E. D. McGarry and ORNL staff performed the radiometric experiments. The
dosimeters were removed in ORNL's hot cells and shipped to several parti-
cipants (national and international) wh~ agreed to count and report the
results to A. Fabry. Some of these results are currently be analyzed

by F. W. Stalimann, A. Fabry, and J. F. Eastham (see Section C).

Assembly of the SSC continued. Some minor modifications in the junction
box were made to accommodate connectors in order to minimize the possi-
bility of heater failure. A photoaraph of the SSC is presented in

Fig. ORNL-MOL-2.

Assembly of the IIC components (heaters, coolers specimens, and filier
blocks) is complete but the containment box for the SPVC is being re-
worked. A different fabrication procedure has been worked out which

should solve the warping problem that was experienced during assembly
of first unit.

Heat Transfer Analysis

The review of the heat transfer analysis for the 1IC is attached as
Appendix A. It was decided to enlarge the gas gap surrounding the coolant
channels in the back cooler by 20% to reduce the back-heater power level.

Work has begun on a complete report describing the heat transfer analysis
including associated experiments and tests.

ORNL-MOL-10
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Table ORNL-MCL-1. Computed Nuclear Heating Rates in Iron
for the PVS-Instrumented Irradiation

Capsules.
Surveillance Specimen Pressure Vessel VEPCO Irradiation
Thermal Shield Irradiation Capsule Irradiation Capsule Capsule
cm* Watts/g cm* Watts/g cm* Watts/g cm* Watts/g

0.0 2.020 6.9 0.254 18.0 0.0739 70.49 0.0013
0.304 1.693 7.304 0.227 18.304 0.0668 70.804 0.0013
0.804 1.373 7.804 0.2 18.804 0.0578 71.304 0.0014
1.304 1.156 8.304 0.176 19.304 0.05 71.804 0.0015
1.804 0.970 8.804 0.157 19.804 0.0428 72.304 0.0017
2.304 0.817 9.304 0.141 20.304 0.0366 72.943 0.0021
2.804 0.691 9.804 0.128 20.804 0.0313
3.304 0.587 10.304 0.118 21.304 0.0268
3.804 0.501 10.804 0.110 21.804 0.0229
4.304 0.431 11.401 0.101 24.554 0.0123
4.804 0.374 27.554 0.0043
5.304 0.326 28.554 0.0033
8. 75 0.291 29.554 0.0026

30.554 0.0021

31.554 0.0017

33.054 0.0013

34.3C 0.0010

34.804 0.0010

35.304 0.0009

35.804 0.0009

36.304 0.0008

36.804 0.0008

37.304 0.0008

37.804 0.0008

38.3C., 0.0009

38.804 0.0009

39.304 0.001

39.804 0.001

40.240 0.0012

*Distance from front of thermal shield.
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APPENDIX A

Evaluation Analysis of the Pressure Vessel
Irradiation Capsule

Pertinent calculations have been made in the analysis of (he pressure
vessel irradiation capsule (PVIC). The purpose of the experiment is to
irradiate steel specimens at a specified iemperature of 550%F at the
neutron flux in the poolside facility of the Oak Ridge Research Reactor
(ORR). The objectives of the analysis are (1) to evaluate the capability of
each heater to produce a temperature of 550°F in three groups of test
samples under the specified conditions and (2) to verify that the specified
sample temperature will not be exceeded with the heaters turned off while
subjected to tne maximum cooling conditions. The irradiation assemblv is
shown pictorially in Fig. 1. The heat transfer model that was used in this
analysis is shown in Fig. 2 using dimensions taken from the construction
drawings. The heat sources in the experiment are the six electrical heaters
plus the heat generated from the absorption of gamma energy in the
assembly. The heat sinks are the 24 coolant tubes located in the three
coolers and the pool water in contact with the exterior surfaces of the
assembly.

Results of Analysis (Summary)

Calculations indicate that a total of 3433 watts is deposited in the
assembly from the absorption of gamma energy from the ORR. Using helium as
a cover gas, 13.54 kW of electi ical power is required to keep the samples at
the required temperature of 550%F. The specified two gpm flow rate of
90°F pool water to each of the three coolers removes 77% of the heat with
the remainder being removed by natural convection from the exterior faces of
the capsule. If neon is substituted as a cover gas, only 3.98 kW watts of
electrical power are required to keep the samples at temperature where 64.8%
of the heat is removed by forced convection. The total required electric

ORNL-MOL-A3
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power available for heating . %5 kW. The required and available power dis-
tribution to each of the six heaters in the assembly is summarized in Tatle
1.

TABLE 1. REQUIRED AND AVAILABLE ELECTRIC POWER DISTRIBUTION
IN THE ASSEMBLY

Heater Power, Heater Power,
Watts Required Watts Rzguired Heater Power,
Heater Helium Neon Watts Available
1 2,136 1,125 7,500
2 1,572 144 7,500
3 1,831 402 7,500
4 1,787 358 7,520
5 1,966 537 7,500
6 4,253 1,411 7,500
Total 13,543 3,978 45,000

With the heaters turned off, the maximum expected sample temperatures
using helium as a cover gas is 208°F at the front cooler, 161% at the
center cooler, and 0°F at the rear cooler. Using neon as a cover gas, :
ampie temperature of 492°F is expected at the first cooler, 350% at the
middle cooler, and 127°F at the rear cooler.

Design Parameters

Specimen box dimensions:
Height = 16 in.
Length = 14 in.
Depth = 8.85 in.
Heat transfer area (front or back) = 1.56 ft
Heat transfer area (each side) = 0.98 ft2
Heat transfer area (bottom) = 0.86 £l

2
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Table 2. ESTIMATED GAMMA HEAT PRODUCTION FROM EXCEDRIN-PM
Weight e Heat
Region (gm) (w/gm) (Watts) Symbol
0.090 wall 2,643 0.0625 165 GI
Heater-HI 4,698 0.0535 251 G2
Specimen-SI 29,361 0.0350 1,028 G3
Heater-H2 6,225 0.0220 137 G4
Cooler-Cl 10,27¢ 0.0200 206 G5
Heater-H3 6,225 0.0195 121 G6
Spec imen-S2 29,361 0.0185 543 G7
Heater-H4 6,225 0.0183 114 G8
Cooler-C2 17,617 0.0175 308 G9
Heater-H4 6,225 0.0170 106 G10
Specimen-S3 29,351 0.00685 201 G11
Heater-H6 6,225 0.0023 14 G12
Cooler-C3 17,617 0.0020 143 G13
Spacer-1 33,853 0.0011 37
Spacer-2 32,033 0.00125 40 G4
0.375 wall 11,010 0.00175 19
Total 248,955 0.0227 3,433
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Each cooler has eight coolant channels with a water flow rate of 0.25 gpm
per channel. The coolant tubes are concentrically located in the holes
drilled in the split cooler block as shown in Fig. 5. A heat balance is
formulated on the cooler equating the heat absorbed by the coolant stream to
the overall heat transferred to the coolant from the cooler wall which is
assumed to be at the desired temperature of 550%F. The pool water enters
the tube at a temperature, TC, and leaves at a temperature, TH. The heat
transfer coefficient is based on the mean bulk water temperature, TB, and a
constant flow rate, W, is used to evaluate the film drop and the
temperature, T1, on the inside tube wall. The T across the tube wall is
calculated and added to Tl to obtain the outside wall temperature, T2, which
is the temperature of the inner gas annulus. Heat is transferred across the
gas annulus by mechanisms of both conduction znd radiation to produce the
cooler wail temperature, TW. Iterative calculations are made to select a
coclant outlet temperature, TH, that will produce the specified wall
temperature of 550°F. The heat loss from each cooler is the same provided
the wall temperature ard the resistances are the same; therefore, the total
heat Toss by forced convenction is calculated by multiplying the heat loss
from a single tube by 24. The calculated heat loss to a tube is 545 watts
when using helium as a cover gas and 200 watts when neon gas is used. The
specified maximum heat rate based on the maximum allowable temperature ris:
is 547 watts., The Dittus-Boelter correlation was used to calculate the
water film coefficent rather than the Sider-Tate or Colburn correlations
since this calculation is being used to evaluate a heat loss and is
conservative in this case. The calculated rise in the bulk water
temperature is 14.98°F when using helium as a cover gas and 5.50°F when
using neon gas compared to the maximum allowable rise of 15°F, A 5-mil
spacer wire 15 wrapped around the outside of each of the cooler tubes on a 1
1/2 in. pitch. The effect of this wire has been ignored in these
calculations and, though not conservative, contributes only slightly to the
heat Toss.
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Heat Transfer by Natura: Convection

He t transfer to the pool water from the external surfaces of the spec-
imern box by natural convection was calculated and compared with experimental
correlations obtained in the ORR pool. The ratural convection correlation
yielded a slightly higher heat flux for a given temperature differential
attributed to the fact that there i> a miid forced siow moving downward,
inhibiting the natural upward flow on the vertical surfaces. The
distribution of the calculated heat loss using helium gas is 23% by natural
convection where 75% is lost through the front plate, 22% from the sides
and bottom, and only 3% from the back plate. If neon is used as the cover
gas, 35% of the heat is removed by natural convection with the same distri-
bution as was calculated when using helium as the cover gas. These sol-
utions were obtained by equating the heat loss by free convection, using
either the experimental values or natural convection correlations, tc the
heat transferred across the gas gaps by iteration on the adjacent gas wall
temperature to the 550°F sample temperature using either helium or neon
gas in the annulus. These calculations were programmed where any of the
parameters could be changed. In the final analysis (shown in Fig. 6), it
was decided to use the experimental correlation for the poolside heat loss
which was considered more reliable although less conservative. The calcula-
tions included radiation heat transfer with the shape factor taken as ore
over the sum of the reciprocal emissivities. Radiation contributed to less
than 2% of the heat transfer from the walls. The poolside wall temperature
on the front surface using helium as a cover gas is 134% and 124°F
using neon. The side walls are 108°F with helium an 100°F with neon.

Heat Balance

The heat sources and sinks are shown in Fig. 7 using helium as a cover
gas. The heat is transferred from the sources to the pool directly by
natural convection off the surface of the box and through the coolers by
forced convection. Several simplifying but reasorable asumptions have been
made. It is assumed that equal amounts of heat are removed from each of the
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Total hrat loss by forced cooling
1 3080W

Total heat loss by natural convection
= 3896W

Total internal heat qgeneration
= 3433W

Total electric power reguired
= 135430



cooler tubes. Since the resistance is practically the same and there is
less than 2% difference in the thermal gradient, the assumptions made seem
adequate. It is also assumed that tie heat losses from the bottom and sides
can be split equally between each of the six heaters. This really is not so
bad since natural convection involves only a small amount of the total heat
and the fortunate situation is that, even though each of the heaters are
suppiied with power at different rates, most of the material is 2t one temp-
erature. A sim‘lar analysis was made on the assembly using neon as a ccver
gas as illustrated in Fig. 8. Both of these systems were prograrmed for the
calculation of the power requirements to each of the heaters by performing
energy balances on the system. The heat balance that was used for both
models is as follows using the symbols shown in the illustrations.

H1 = CNS/6 + CNF - Gl - G2 - G3/2

H2 = CF/6 + CNS/6 - G3/2 - G4 - G5/2

H3 = CF/6 + CNS/6 - G6 - G7/2 - G5/2

H4 = CF/6 + CNS/6 - G7/2 - GB - G9/2

H5 = CF/6 + CNS/6 - G9/2 - G10 - Gl1/2

H6 = CF/3 + CNS/6 + CNB - G12- G13 - G14 - G11/2

Heaters

The haaters are fabricated from 62.5 mil nichrome wire. Each heater is
composed of six curcuits containing 49 in. of heater wire and four circuits
containing 39 in. of heater wire. The circuits are connectad in parallel
with a rated resistance of 1.01 ohms/lineal foot at 68°F. The power to
the heaters is regulated by variation of the voltage using a constant amp-
erage. The design power rate to the heaters is 400 W/ft providing a maximum
power to each heater of 7500 watts and a total maximum electric power input
to the assembly of 45 xW.
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Conclusions and Comments

Trwe electric power distribution des gned for the assembly should be
sufficient to provide temperatures in the range of 550°F using either hel-
ium o neon gas to fill all of the voids in the assembly. With 10 seperate
circuits in each heater suffient control should be avaiiable to control
slight deviations in the resistances or coolant temperature in the cooling
circuit which might otherwise cause anomolies in the sampie temperature.
The power reJuirements using neon gas are considerably less, and with the
heaters off the calculated sample temperature adjacent to the first heater
is within 20°F of normal operating temperature. For thic reason it might
be desirable to use helium or a mixture of helium ana neon as a cover gas
rather then pure neon. The temperature difference in the internal heat
geteration in the steel is quite negligile, being less than 0.001°F. The
event of the coolant flow being stopped was not considered since the reactor
will be programmed to scram when this happens. Wichin limits partial loss
of flow could be compensated by power reduction to the heaters. As
mentioned previously, the spacer- wires wiil probably -quire a slight
increase in the electrical power input to maintain '’ . temperature but cause
less of a temperature increase with the power off. Thermal radiation
amounted to less than 3% of the total heat loss and, therefore, is not
considered a major source of error in the estiration of the power
requirements. The gas conductivities are deemed to be accurate within +5%
and the gap width accurate to within +5%. A maximum anticipated error in
the nower estimation is about 10% or from 15 to 425 watts in the power sup-
ply to the individual heaters. No allowances were made for contact
resistances. This is conservative in the calcuiation of power losses but
adds to the calculated sample temperature with the heaters off.

No attempt was made in this analysis to predict the temperature distri-
bution in these samples or evaluate the capability of the control devices to
regulate the temperatures. It is estimated that the assembly should take
about 35 minutes to come to steady state by dividing the heat capacity by
the heating rate.
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The following comments intend to simplify and clarify the uncertainty
analysis in the quoted document. While there is, with few exceptions, no
disagreement with the results obtained, these comments may provide a
better understanding of .he mechanics which determine the uncertainties.

In particular the inclus >n of covariances and their possible consequences
on the final uncer: inties is considered.

To simplify matters, all parameters will be excluded from consideration
which e not relevant to tie final goal, the determination of the fluence
above 1 M V. Quantities like "spectrum coverage factor" or E95’ etc. can
be very useful for the characterization o spectrum and sensors but compli-
cate and confuse the calculations (see the leng formula NBS-5 on p. 13).

We shall assume that the following data are availaile with appropriate

uncertainties (variances and covariances) assigned to them:

[R/NG]Atk = reaction probability measured at the cavity

» [R/NG]BT = reference reaction probability measured ot BIGTEN

Only the ratio of the two will be used with resulting reduction

in the uncertainties

Calculated group fluxes in the cavity suitably normalized
(e.g. unit core power)

E

/- i+1
CL,.. ¢(E) dE
E.

A

in a given energy group structure (Ei' EL+1)

The group fluxes at BIGTEN in the same energy group structrre deter-

mined through a mixture of calculation and benchmark referencing.

E

+1
L _/ x(E) dE

B¢
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Group averaged reaction cross sections o and oz defined as
Ein
-f #(E) o(E) dE/o,

E.
<

o

-~

for ¢ and correspondingly for .

Thus the measured -‘eaction probabilities are related to the theoreti-
cal values via the formulas

(R/NG], , = (nvt)“kz; ¢, oz (1a)

Ark

[R/NG]BT - (nvt)B.r Z: X o? (1b)
A

The = indicates that this is not a mathematical equality since there are

uncertainties on both sides. The two terms (nvt) and (nvt)BT convert

Ark
the normalized fluxes ¢ and x to the actual fluences received by the

sensors. Needed for the determination of the fluence »1 MeV is the value

for the reference sensor of BIGTEN

¥ (nvt)a.r = total fluence received by the reference sensor,

Finally we need to define the total fluence above 1 MeV at the cavity.

To be applicable (o more general integral paramcters like dpa, we define
. ¥ - r.
MEDI YRS
<

were r, = 1 for Ei-3 1 MeV and ;= 0 otherwise is completely determined.

14 scher applications r; may be the group aver:ige dpa cross section with

appropriate uncertainties assigned to it.
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Thus the total fluence above 1 MeV F(>1 MeV) at the cavity is

®

F(>1 MeV) = (nvt)Ark ¢

This can be determined combining measured and calculated data as listed

above. For simplicity we define

$ N
$ -§¢L-o‘.

and the corresponding term s*X for BIGTEN. We have

¢

1 [r/NG]

‘ F(>1 MeV) = -purr b—— . (2)
{ s*/s [R/NG]BT/(nvt)BT

The right hand side of (2) consists of 2 factors. The second,

[r/Nc]
BR = Ark (3)
[R/NG]BT/(nvt)BT

the benchmark referenced reaction rate, is essentially experimen:al. I.s
uncertainty analysis is straightforward and discussed in detail in the
NBS document. Using table NBS-9 the relative, 20, confidence level of
BR is ~ 7%.

The first factor may be called CQ for calculated quotient,

Iy
cQ = P (4)
s* /s
For an uncertainty analysis of CQ we first linearize its variation
® $
O‘r' 60 @; g. 60- o
8(cQ) 32 v e - R P ek . Fat
cQ ¢ ¢ 4 . o¢
R e 7 ’ 7 {
X 4 ] X
X % X{ i
* X + (5)
S X: ox.
¢ e
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Thus the reactive change in CQ can be expressed in terms of relative
changes of group fluxes and group cross sections. Assuming that spectral
and cross section uncertainties are essentially independent from each
other, we may congider the different contributions to the overall uncer-
tainty separately., Combining first the contributions from the spectral

errors in the cavity we have:

. r. ..q‘. 6‘.

Z 4L 4 ~ & 4 L (6)
1* g?

L 4

The first factors in this sum can be interpreted as residuals of an
approximation of the response function T, by the reaction cross section
az. The closer response function and cross section resemble each other
in shape, the smaller these factors become and the less dependent the
final result will be on the calculated spectrum. The values for these
factors taken from Tables NBS-6 and NBS-7 are listed in Table 1. For
flux above 1 MeV and 238y(n,f) reaction, the dominating term, 0.41,
occurs in the i-1.5 MeV ¢roup. Thus the contribution from this group
to the overall uncertainty is slightly less than one-half of the uncer-
tainty of the spectral shape in this group. This will be the dominating
term provided the other spectral and cross section uncertainties are in
the range cited in the document and are independent from each other.
However, the assumption that the spectral errors are uncorrelated,
needs further discussion. In the document the spectrum was normalized
to 1 for the flux above 1 MeV. This introduces automatically a strong
correlation between the group fluxes, since, if one group flux increases
some others must decrease. Other normalizations may be considered, since
the final result is independent of any specific normalization factor.
Different normalizations lead to different var.iances and covariances,
however. It is conceivable that 1or one specific normalization the co-
variances are indeed zero, but this is highly unlikely. Lets instead

Inok for the effect of covariances in a kind of "worst case" study.
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In the given example the first factor has a posi ive sign in the 1-1.5
MeV group and negative in all other groups. The largest error would

thus be encountered if all spectral errors are strictly correlated in
such a way that if the first group changes in one direction the others
would change the opposite way. The resulting sum (6) would then be abov:
0.82 - 5’4/°L or about twice as high as for the uncorrelated case.

There is, however, nothing to sugges* that such a strong correlation
exists. And, considering the fact that both magnitude and correlations
of the spectral uncertainties are in themselves very much uncertain, it
is probably safe to use formula (6) disregarding correlations, using
perhaps slightly conservative estimates for the magnitude of the errors.

The same considerations apply to the spectral uncertainties in BIGTEN.

Their contributions are

Xz . 8x ;
}E: L 4 L N

Using the data from the document the total contribution would be 4.78%
disregarding correlations.

The cross s&...uu error consists of three components. The group

averaged cross section oz may be written as
.= .0
04.- o 04-' ci

where 0 is the total average and ;i the group average cross section in
some reference spectrum (e.g. BIGTEN, compare Table NBS-7). The correc-
tion factor c: converts the group averag: cross section in the referunce
field tu that in the measured fleld ¢. The o is common to all group cross
section and cancelsoout in formula (5); 3; is common to BIGTEN and

Arkansas, whereas ci

reference field is BIGTEN. Thus the contribution of cross section

appears only in the Arkansas field provided rne
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errors to (5) are

X $ - ¢ $

E .ff;jf__ - ’i 4 GOi ~ E B o{ fff___ (8)
X ¢ 2 ¢ ¢
L s § ) L s €L

Benchmark referencing reduces the first factors in the first sum to less
than 0.1 and thus, if correlations are disregarded, the contributions from
the first sum for 2%%U(n,f) and uncertainties from Table NBS-6 are less
than 1%Z. Even the worst correlation would net increase this contribution
to more than 0.17 of the single group cross section error.

Contributions from the second sum were not considered in the docu~-
ment. To estimate the errors ir cz the deviation from the idea’l value
of 1.0 was taken as a 30 bound as advocated for similar situatic s in
the decument (see Table 2). The resulting contribution is 1.2% (see
Table 3) which is small, but larger than the first sum.

Thus the total uncertainty estimate of CQ for the “3%U(n,f) detector
is 16% (20), with about 14% coming from spectrum uncertainties in the
1.0-1.5 MeV energy group. Adding to it (in the square sum sense) the
approximately 7% uncertainty of BR the total *18% uncertainty estimate
results in agreement with the document. The corresponding uncertainties
for the other detectors are listed in Table 3. The total uncertainties
for *“Fe(n,p) and “GTi(n,p) are slightly lower than those quoted in the

*document, possibly because of the simplified derivation.

However it ’s not permissible to combine the results from the four
different detectors to a weighted average to reduce the uncertainties,
as done in the document on page 25. The quoted uncertainties are heavily
correlated since 90% come from the common source of spectral uncertainties.
There are straightforward procedures to determine optimal weighted averages
and the resulting variances from correlated random variables, but they
are tedious and do not, in our case, yield much improvement. Inspection
of the data shows that 239U(n,:) has the lowest contribution of spectral
ervors in all energy groups totaling about 16%, the rest coming from
uncorrelated data., Thus the combined uncertainty could not be lower than
about 17% (20) with the weights heavily favoring the %?*®U(n,f) reaction
(see Appendix).
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The question remains whether benchmark referencing as practiced
here gives the optimal results from the given information or whether
better results may be obtained from a straight adjustment procedure like
STAYSL. The answer is probably no, since STAYSL is strictly linear and
becomes invalid for large nonlir adjustments. More studies are however
needed, especially better estimates for spectral uncertainties. Improve-
ments can also be obtained by making the differences in formula (6) small,
for instance by using linear combinations of cross sections instead of
just one single cross section. Second order effects have to be considered,
B

o %

there is likely no single recipe for optimal uncertainty analysis. To

however, siace the terms OL' r are in themselves uncertain. Thus

obtain uncertainty bounds which are both reliable and realistic, a care-

ful study of all pertinent information is needed.
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Appendix

Combining Correlated Data

Let X1y Xos « o s X be unbiased determinations of the same quantity,

say X. The variables X, may be correlated; the variance-covariance matrix
assigned to these variables may be

V= (V‘:j) (A1)
Vi " cov(x,, xj) (A2)

The variance of any linear combination z of the x; with coefficients

c(. i.e.

n

z = Z IR T (C)T(x). (A3)

i=1
is therefore
var(z) = (c)T V(c) (A4)

with (x) and (c) representing the column vectors with elements x; and

c; respectively. 2z represents au unbiased estimate of x if

Z c‘--l (AS)

4=1

For a minimum variance unbiased estimate (A4) has to be minimized subject
to condition (A5). This leads to the set of equations

n

_‘
L Vij€j=A=0, 4=1,...n (A6)
i=1
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where the Lagrange multiplier ) is determined from (A5). 1In vector form
with (e) being a vector with 1 in every row, the solution of (A7) is

(¢) = A V'i(e) (A8)
Formula (A5) can be written as
(@7 ) = a@T vie) = 1 (A9)

or

T -1
A= [(e) V'l(eﬂ (A10)

The variance of z becomes

var(z) = ()T V () = 22 (e)F v=! v v~-1(e)

= )2 (e)T vV'i(e) = 2 (A11)

Applying this formula to the four determinations of F(>1 MeV) through

238y, 5BNj, 5“Fe and “®Ti detectors we obtain for the coefficients e,

€ = 1.178

¢y = 0.016

¢y = -0.180

¢, = -0.014

It is interesting to note that the combination from 238y jg greater than
one and there are negative contributions from °“Fe and “®Ti. This com-
bination actually decreases slightly the total spectral error and leads
to a minimum variance estimate of F(>1 MeV) = 3.53 - 10" # 17.1% which
is higher than any of the original values. The relative covariance

matrix with standard deviations is listed in Table 4.
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Table 1. Coefficients for Calculating Uncertainties

Energy Groups (MeV)

1-1.5 1.5-2.3 2.3-3.7 3.7-8 8-12
Ark. P & L
¢ (normalized to >1 MeV) .526 .237 .130 .098 .0083
error 35% 52 30% 27% 15%
8.9, 1 8% 2%y, .1148 .3816 .2499 .2250 .0287
58Ni(n,p) .0262 .0885 .2394 .5812 L0647
S%Fe(n,p) 0 .0410 .2263 .6572 .0755
'“Gricn,p) 0 0 .1258 L7144 .1599
63Cu(n,a) 0 0 0 5145 . 4855
FIRRMERIUNOE
238y (n,f) 4112 -. 1446 -.1199 -.1270 -.0204
58Ni(n,p) 4996 1485 -.1094 -.4832 -.0564
>“Fe(n,p) .526 . 1960 -.0963 -.5592 -.0672
“611(n,p) .526 .237 .0042 -.6164 -.1516
63cu(n,a) .526 .237 .130 -.4165  =,4772
BIGTEN:
X (normalized to >1 MeV) P b i .270 .218 + 133 .0074
error 10% 5% 8% 14% 15%
X9 /8% - 238y(n,f) .0702 .3511 .3317 .2267 .0203
58Ni(n,p) 0151 0.799 . 3246 .5375 .0429
S“Fe(n,p) 0 .0311 L3175 .6010 .0505
“674 (n,p) 0 0 .0332 .8102 L1566
63cu(n,c) 0 0 0 4712 .5288
x;0% /8% - 9.0 /s? -
238y(n,f) -.0446 -.0305 .0818 .0017 -.0088
58Ni (n,p) -.0111 -.0086 .0856 -.0437 -.0218
S4Fe(n,y) 0 -.0097 .0924 -.0528 -.0246
Y11 (ni,p) 0 0 -.0926 .0958 -.0033
53Cu(n,a) 0 0 0 -.0433 0433
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Table 2. Cross Section Uncertainties
Energy Groups (MeV)
1'1-5 1-5-2-3 2-3-3-7 3.7“8 8"12
sEiIE‘. - 238y(n,f) 20% 4% 3% 5% 6%
58Ni(n,p) 20% 10% 1G4 152 20%
S4Fe(n,p) 40% 20% 15% 15% 30%
“67i (n,p) - - 40% 20% 30%
®
éci’cz - 238y(q, f) 6% 12 = 4% B
58Ni (n,p) 7% 4% 6% 6% -
S%Fe(n,p) - 8% 7% 7% -
“611 (n,p) - - 57% 15% 12
63Cu(n,cx) - - 29% 1%
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Table 3.

Summary of Uncertainties (2@¢) %

Detector
238y(n,£)  S8Ni(n,p) *“Fe(n,p) “®Ti(n,p) ®3Cu(u,a)

Spectral error X; 4.7 8.0 8.8 11.6 10.3
Cross section error

from 3&. 0.8 1.2 1.8 4.2 1.6

from cz 1.2 3.8 4.9 12.9 14.9
Total error of CQ 16.0 23.8 26.1 30.7 29.4
Reactive rate error BR 7.0 o ) 7.0 7.0 7.0
Total error for F(>1 MeV) 18 25 27 32 30
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Table 4. Standard Deviation and Relative Covariances of F(>MeV)
Determinations with Different Detectors.
Detector :::L:‘::) % std Relative Covariances
238y(n,f) 3.49 - 108 17.4 1 > 79 0.77 0.65
58Ni (n,p) 3.44 + 108 24.8 1 0.89 0.80
S4Fe(n,p) 3.30 + 108 27.0 1 0.81
“611(n,p) 3.40 - 108 31.5 1

Combined minimum variance estimate: 3.53 * 10% ¢+ 17.1%
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Covariances and Other Statistical Atrocities in the Uncertainty Analysis

of Reactor Dosimetry. A Memoranaum to the ASTM E10.05.01 Task Group on

Uncertainty Analysis

F. W. Stallmann

This brief memorandum tries to clarify some of the issues in uncertainty
analysis which confuse many members of the dosimetry community. It

does not intend to answer all questions but rather tc focus on specific
problems in the determination, reporting, and appli-ation of covariances
and possible assistance this Task Group may provide. Problems arising
from common and dependent error sources are well recognized and have
traditionally been circumvented by special techniques, like treating
random and systematic errors as separate entities. Such approaches are
no longer feasible if spectrum unfolding or other sophisticated model
fitting procedures are applied. To avoid wrong and misleading conclusions,
it is absolutely necessary to face the issues squarely. The sensitivity
of the output to input variances and covariances must be investigated
and better input information should be provided whenever needed. The
Task Group could give assistance in a number of ways which are listed

below.

Statistical Background

Definitions and procedures to calculate covariances and correlations

are given in all texts on probability theory and statistics. Unfortunately,
the examples given in these texts have very little relevance to the

problems in dosimetry and . e necessary generalizations are left as

"an easy exercise" to the réader.
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Since most derived quantities are nonlinear functions of basic measure-
ments, linear approximations are necessary to obtain variances and co-
variances in an effective mannrr, Gaussian distribution must also be
assumed to keep the computations manageable. Perhaps the Task Group
should provide some brief and concise recipes on how covariances can
be calculated and reported in routine dosimetry procedures in addition

to the more customary determination and reporting of standard deviations.

Systemati~ Errors

One of the major sources of covariances and correlations are the systematic
errors since they are common to a series of measurements by the same
instrumenc. Procedures must be established to determine, report, and
calculate variances and covariances arising from systematic errurs. Her
again the Task Group may become instrumental to establish guidelines for

such procedures.

Covariances in Cross Section and Spectral Data

Covariance information for cross section measurements will be included

in the new ENDF/B-V data file. Much more important--and much more
difficult to establish--is corresponding information for the neutron
spectra which serve as input for the newer unfolding (or adjustment)
procedures. The reason is that spectral uncertainties are usually

much larger than eith2r the cross section and the reaction rate uncer-
tainties, Thus, the resulting unfolded spectrum and its integral fluxes
depend substantially on the variances and covariances which were assigned
to the input spectrum. The Task Group could develop guidelines for
assigning uncertainties to the input spectra and for proper interpreta -

tion of the output spectra and their variances and covariances.
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Benchmark Referencing

Benchmark referencing can substantially reduce the uncertainties to
reaction rate measurement as well as to those of the input spectira.

One of the sets of new standards for RPV will address this issue. Aside
from being involved with this particular standard, the Task Group could
consider more general applications of this principle and provide

appropriate guidance.
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NEUTRON FLUX MEASUREMENTS IN THE PRESSURE VESSEL CAVITY
OF AN OPERATING U.S. POWER REACTOR

J. A. Grundl, C. M. Eisenhauer, E. D. McGarry
National Bureau of Standards, Washington, D.C. 20234

OBJECTIVE: Establish elementary methods for determining the neutron flu. above
1 MeV from activation dosimetry measurements in the pressure vessel cavity of an
operating U.S. power reactor. Include in the methodology benchmark referencing

of detector response and appropriate error assessment and propagation.

SUMMARY: Reaction rates of four detectors [238U(n,f). 58N'i(n,p), 54Fe(n,p),
46Ti(n,p)] from exploratory dosimetry measurements at the reactor beltliine in a
power reactor pressure vessel cavity have been used to calculate the neutron
flux above 1 MeV based upon benchmark neutron field referencing. The final
cavity flux for the reactor at full power, is reported as the weighted average

of the flux obtained from each detector:
[v(> 1 MeV) = (nv) ] = [3.44 + 12%(20)] X 10% n/en? sec

A detailed error analysis and propagation is developed in terms of formulations
which are appropriate for benchmark referencing of dosimetry and are explicit
with regard to individual detector response features. These formulations and
associated detector response parameters are described in the NBS Compendium of
Benchmark Neutron Fields For Pressure Vesse! Irradiation Surveillance [1].

Some conclusions concerning error sources from this sti'| provisional analysis

are as follows:

(1) benchmark referencing strongly suppresses the most generous estimate of

cross section shape errors (less than 1% of the total error); (2) the
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uncertainty in the transport computation of the cavity spectrum largely governs
the final error (more than 90% of the total); moreover, nearly all of this
spectrum computation uncertainty comes in the energy region 1-1.5 MeV (again,
more than 90%); and (2) the contribution of the lowest energy threshold
detector, 238U(n.f). to finel average flux value is equal to that of all other
detectors combined when the w.aighting factor is taken as the inverse square of

the propagated error for each detector.
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ACCOMPL ISHMENTS

Introduction

Reaction rates of several detectors from exploratory dosimetry measurements in
the oressure vessel cavity of Arkansas Power and Light, Unit #1 have become
available recently. In a first cut interpretation of these measurements the
neutron flux above 1 MeV and its associated error are calculated based upon the
technique of neutron flux transfer. The latter is a special case of benchmark
neutron field referencing of neutron dosimetry measurement methods. Two im-
portant detector response parameters are involved in the development: (1) the
truncated cross section defined as the spectrum averaged cross section above the
detector threshold; and (2) the spectrum coverage factor which is the fraction
of the neutron spectrum above 1 MeV to which each detector responds. A detailed
description of the error analysis and propagation for these parameters shows
quantitatively the relative importance of uncertainties in cross section shape,
in the computed cavity spectrum, and in benchmark field characteristics. The

degree of spectrum coverage by individual detectors is also taken into account.

The .alculation is carried out in two steos the first of which establishes a

we' ghted average of the flux above 1 MeV from individual detector reaction rate.
using a computed cavity spectrum exclusively. In the second step spectral
indexes are examined in order to evaluate the adequacy of the ad hoc uncertainty
assigned to the computed cavity spectrum in step 1. Sections 1 and { along with
Appendices A and B present the developments of step 1; Section 3 describes the

spectrum uncertainty assessment of step 2.
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1. Experimental Results

Twe experimental dosimetry capsules were placed in the pressure ,c-ssel cavity
of Arkansas Power and Light, Unit #1 for a full power run that began on
December 8, 1977 an. ended on February 2, 1978. A summary de: c~iption of the
irradiation is given in Table NBS-1. Foil counting was undertaken by Hanford
Engineering Development Laboratury and by the University of Arkansas. Counting
results were reported as dps/mg at time of removal (TOR) by L. Kellogg of
HEDL in a memo to E. Lippincott dated September 8, 1978.

These data reduced to a single average value for each reaction are given in
columns 2 and 3 of Table NBS-2. The last column 1ists the reaction probabil-
ities derived from the data. This quantity is equal to the product of reaction
cross section and neutron fluence. The terminology for this table and for all
subsequent analysis is described in reference [1]. Appendix A outlines the
calculation of the G-factor (column 4 of Table NBS-2) using the summary of

irradiation time history given in Ta_.e NBS-1.

2. Neutron Fluence Above 1 MeV From Individual Detectors

In this section the cavity neutron fluence above 1 MeV will be established as
the weighted average of the fluence results obtained from individual threshold
detecters. The neutron fluence will be calculated from each detector response
in two ways: first, in the conventional manner based on absolute reaction
rates and effective cross sections, and second, by the method of neutron
fluence transfer. The latter method involves detector calibration in a
bencamark field of known neutron flux intensity. The fluence obtained will be
converted to a full-power cavity neutron flux and them subject to an error
analysis which assesses and propagates all uncertainties associated with the

measurement. The focus of this section is not on specific error assignments
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and their justification, but on the application of information in the NBS
benchmark compendium to a dosimetry measurement based on benchmark referencing,
and on the development of a linear least-squares error analysis scheme

appropriate for such measurements.

The reaction rate equations from the NBS Compendium >f Benchmark Neutron

Fields (1) for integral detector measurements are as follows:

measured reaction rate: R=[e+u]l-D NBS-1
calculated reaction rate: R, =G+ N - g . (nvt)o . NBS-2
where Rc’ R = reaction rate in disintegrations per second at time-of-

removal, (sec'] )

D = gamma-counter response of activation detector, (sec’])

e = detection efficiency factor

u = composite factor exclusive of & that relates counts'per
sec to disintegration rate- R, (e.g. decay constant,
branching ratio, isotopic abundance, fission yield, neutron
self-absorption, etc.).

G = activation decay factor (see equation A-2 in Appendix A),
(sec”!)

N = number of detector atoms

(nvt)o total erergy-integrated neutron fluence, (n/cmz)

o = total spectrum-average reaction cross section (cmz)

RC/NG reaction probability sometimes referred to as total reactions

per target nucleus.
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Other quantities wnich will be used in this report are,

¥(> 1 Mev)
(> 1 HeV)'(nvt)o

iraction of neutror spectrum above 1 MeV

neutron fluence greater than 1 MeV (n/cmz)

p = fraction of detector respense abuve Ep

Ep = truncation energy corresponding to response fraction p.

(For tuic report p = 0.95 and Ep (p = 0.95) wi]L_be

written as E95')

v(> Ep) = spectrum fraction above Ep
W(>Ep)/w(>1 MeV) = spectrum coverage factor
6(>Ep) = cross section truncated at Ep
f"(E) y(E)dE
E i
o ) i 2
0(>Ep) e

P
jw(E)dE
EP

2.1. Conventional Calculation of [¥(> 1 MeV) - (nvt)o]

The expression for the fluence is obtained directly by substituting the measured

reaction rate into equation NBS-2.

ﬁ% =g (nvt)o

and [w(> 1 Mev) - (nvt)o] = ﬁ%’ -E?(> 1 Mev) - ] . NBS-3

Qe |—

The experimental results, reduced to reaction probabilities, (R/NG), are

given in Table NBS-2.
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The spectrum fraction, w(> 1 MeV), and tihe cross section must come from some
ad hoc assumption concerning the spectrum or from a transport calculation.

Both calculation and ad hoc assumption will be used here. Results of transport
computations for a typical PWR cavity have been made available by N. Lurie of
IRT Corporation [2]. The assumption is made that the spectrum given by this
computation for mid-core elevation and opposite the flat portion of the core is
applicable to the B&W design of Arkansas Power and Light, Unit #1. The spectrum
in <2 energy groups was run through the DETAN code which generates a 620-group
spectrum interpolation and then calculates spectrum-averaged cross sections
based on the ENDF/B-IV Dosimetry File. These cross sections are presented in
Table NBS-3. The spectrum fraction above 1 MeV from the IRT calculation is

Yi> 1 MeV) = 0.057.

The calculation using equation NBS-3 is summarized below. Results from the
three detectors with thresholds below 3 MeV are seen to differ by 8%. The

15

average of all five detector rcsults is 1.59 x 10 n/cm2 with a standard

deviation of + 9%.

Results of Conventional Calculation of Cavity Fluence Above 1 MeV

Reaction C[oss Section
’ Probability a(> 0.4 eV) Fluence
eaction Ep(p—O.QS) (R/NG) (10'24cm2) [w(>1 Mev)o(nvt)o]
238 (n. ) 1.2 MeV 4.55 x 10710 0.0167 1.55 x 10'° n/cm?
8Ni(n,p) 1.7 Mev 1.30 x 10710 0.00482 1.54 x 10'°
Mceln,p) 2.4 Mey 0.91 x 10710 0.00361 1.44 x 10'°
%15 (n,p) 4.2 Mev 1.72 x 1071 6.0 x 107 1.62 x 15718
83cu(n,a) 6.2 MeV 0.92 x 10712 2.95 x 107> 1.78 x 10'°
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This conventional derivation of neutron fluence above 1 MeV from a set of
threshold detectors provides no indication of how much the result depends upon
the spectrum calculation provided by IRT, nor does it explicitly recognize the
velationship of detector response characteristics to the quantity being
derived. The 2380 fission detector, for example, has a response threshold of
E95 = 1.2 MeV in the cavity spectrum, close to the fluence boundary of 1 MeV.
Such a detector measures the fluence above 1 MeV with much less dependence

54

upon the calculated spectrum than does the ~ Fe detector with 595 = 2.4 MeV,

for example. The latter responds to less than 25% of the spectrum above 1 Mev

as compared with 70% for 238

U. Likewise, the spectrum average cross sections,
3(> 0.4 ev), are dominated by the fraction of the spectrum in the sub-MeV
range, a component of the spectrum that is of little relevance for the

measurement of a fluence above 1 MeV with threshold detectors.

2.2. Reformulation of the conventional calculation

The calculation above may be reformulated so that detector response features
are more explicit. The calculated reaction rate equation (Eq. NBS-2) may be
written in terms of a truncated cross, o(> EQS)’ which is defined as the
spectrum average cross section above the detector threshold iand is not
influenced by the spectrum of neutrons below threshold. The threshold or
truncation energy, defined .s the energy above which 95% of the detector
response occurs, doec ot, in general, depend strongly upon spectrum for

238

RPY related neutron fields (e.g., for a U(n,f) detector Egg = 1.5 MeV

for the fission spectrum ys. 1.2 MeV for the Ark. P. & L. cavity spectrum).
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Substituting the definition of a truncated cross section into equation NBS-2

and rearranging gives the desired expression for the fast fluence:

a(> E * y(> E
R [0(> 95) 0-;)42> 95)] . (nvt)o

and
v(> Egg)

A
[W(> 1 "EV) . (nvt)o] = [ER] . [6’() Egs) . 0:'—95 . W;]_Mev)—] . NBS-4

The spectrum quantity which arises in this formulation, [w(>E95L/@(> 1 MeV)]
called the spectrum coverage factor, gives the fraction of the spectrum above

1 MeV to vhich the detector is sensitive. As such it is a possible weighting
parameter for averaging individual detector results. Table NBS-3 lists trun-
cated cross sections and spectrum fractions for the cavity spectrum and for the

benchmark fields involved in this ana'ysis.

The fast fluence calculation for the 238U(n,f) detector using Equation NBS-4 is

as follows:

.
O
Ve
-
%
[ S o
b

[w(> 1 MeV) - (nvt)o] 4.55 x 100 [(o.ao x 10%%) . =1 . 9:040

1.55 x 10'° n/cm?

The result agrees, as it must, with the result of the conventional calculational

given in the previous section.

For an ideal threshold detector with a step-function response and 595 = 1 Mey,
the coverage factor would be unity for any spectrum shape. The derived fluence
in such a case would not depend upon the result of transport calculation. For

238U in the cavity spectrum the coverage factor is 0.040/0.057 or 70%. This
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238U coverage factor of 76% for fission neutrons, the

may be compared to a
source spectrum for the cavity neutron flux. The contribution of the
calculation to this part of the measur--ent, then, is to show that due to

neutron transport the 76% coverage factor for the 238

U(n,f) reaction in the
fission source spectrum drops to 70% in the cavity spectrum. Since the
fission spectrum coverage factor of 76% is krnown to a few percent, this part
of the uncertainty estimate, can focus on the accuracy with which the

transport calcuiation establishes the 10% shift in coverage factor.

Analogously, the truncated 238

U(n,f) cross section of 0.40 barns in Table NBS-3
may be compared with corresponding values in the source spectrum and with
other benchmark neutron fields that serve neutron dosimetry. Results for the

fission spectrum and two other benchmarks are given below.

238U(njf) Detector
E95 °(>E95) Deviation
Arkansas P. & L. cavity (Lurie PWR calc.): 1.2 MeV  0.40 b 1.000
235U fission neutron source: 1.5 0.54 1.36
BIGTEN Critical Assembly: 1.4 0.51 1.28
PCA(1/4 T): 1.4 0.50 1.25

Again, the transport calculation is needed only to establish the shift in the
truncated cross section from 0.54 b in the source spectrum to 0.40 b

in the cavity.

The most frequently used detector for RPV related neutron dosimetry is the

54Fe(n,p) reaction. The response threshold in the cavity for this detector,

238

E95 = 2.4 MeY, 1is substantially higher than for U{n,f). Consequently, the
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reformulated fast fluence calculation shows quite different spectrum coverage

and truncated cross section:

-1
[w(> 1 Mey) - (nvt)é] = 0.908 x 10710 (0.275 x 107%%) 577%5 g;g;;s]

N

15

= 1.44 x 10'° n/enm?

The spectrum coverage factor, 0.0124/0.057 = 0.22, indicates that the

54Fe(n.p) reaction covers less than 1/3 as much of the spectrum as does

238

the U(n,f) reaction. The factor 0.22 is to be compared with an

235

54Fe(n.p) coverage factor of 0.43 for the U fission spectrum, a

difference of nearly a facter of two between the cavity and its source
spectrum. Thus, the transport calculation is more important for calculating

the flux above 1 MeY with this detector than it is for 238U(n,f).

54Fe is much closer to its

235

On the other hand, the truncated cross section for
source spectrum value: 0.275 b for the cavity vs. 0.252 b for the U
fission spectrum. The cross section is not sensitive to the calculation,
therefore, and this detector is particularly well suited for calibration in a

fission neutron standard field.

A tabulation or these internal parameters for the reformulated fluence
calculation is given in Table NBS-4 for all of the threshold detectors used in

this experiment.

2.3 Fluence transfer from benchmark neutron fields

The experimental parameters and nuclear data associated with Egs. NBS-2 and -3
1imit the accuracy of the fluence derivation just outlined -- see Section 2.5

on errors.

NBS-13



This 1imit can be largely circumvented and a more accurate fluence obtained
when benchmark neutron fields are available for detector calibration. The HEDL
counting laboratory in its involvement with the DOE supported Interlaboratory
Reaction Rate Program (ILRR) has participated in a number of such benchmark
calibration irradiations. Most relevant for the Ark. P. & L. cavity measure-
ments are the experiments carried out in the BIGTEN Critical Assembly at

Los Alamos. The results of the ILRR benchmark experiments in BIGTEN make it
possible to establish a cavity fluence that is traceable to the National
Standard Ra-Be Neutron Source at NBS. Such a technique for establishing a

neutron fluence in a neutron field under study is called "fluence transfer."

The flux calibration path is as follows:

252

Cf
NBS-1I Fiss. Neut. - SIGTEN Ark. P. & L.
Ra- Be Std. Std. Benchmark “RPV Cavity
MnSO, bath 238U and 239Pu threshold
source fission chamber activation
intercomparison fluence transfer detector

lfluence transfer

The first two calibration steps have been carried out by NBS and are reported in
reference [3]. The last step is based on Laboratory Test No. HEDL 74-20 reported

in the ILRR Tenth Progress Report (Oct., 1975).

The expression for neutron fluence transfer from BIGTEN to Ark. P. & L. cavity

is obtained by writing Eq. NBS-4 for both neutron fields and dividing:

[W(" MeV) " (HVt)OJATk B {R/NG]APK [‘7()E95) - W(‘Egs)/(o‘)S)w("] MQV)]BT
[o(>1 MeV) - (nvt) Jgr  [R/NGlg  [o(>Egg) « w(>Eqg)/(0.96)u(>1 Mev)],
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Rearranging, the cavicy fluence is given by a product of ratios times the
BIGTEN fluence,
[b(>1MeV) « (nvt) Jpr, = NBS-5

(R/NGIppy  [oCEgg)lgr EW(>E95X!E1-///// WOEs Iark [u(>1MeV) « (nvt) Igr
0

(R/NGlgy  [0(>Egg)lpny  [W(>TMeV)lgy [w(>TMeV) 1
~ O \__ 4-/ N —— -
reaction truncated ratio of Benchmark
probabilivs cross spectrum coverage fluence
ratio section factors above 1 MeV

ratio

The BIGTEN fluence for Test 74-20 is based on a fluence transfer measurement
from the Cf standard field with an NBS U-238 fission chamber (calibration

step 2). Using an expression similar to Eq. NBS-5 the result is,

[w(>1MeV) - (nvt)o}BT = 1.48 X 1014 n/cm2

The fluence transfer calculation may now proceed. The calculation for

54

]
23‘U(n,f)1408a and " Fe(n,p) will be given explicitly:

(1) 238U1n,f)]408a fluence transfer

[R/NG], ., = 4.55 X 100 (Table NBS-2;
irradiation time = 55 days) reaction
[R/NGlo~ = 5.68 X 10°1"  (ILRR-X, T : R To = 55
gT " °- -X, ab]g HEDL-15; ratio = 8.01
consistent fiss. yield = 0.0595;
irradiation time = 13214 sec.)
[o(>Eqe)]
= E95)]BT = O’i]Zb (Table NBS-3) truncated
o(> 0.40b cross section
957“Ark ratio = 1.28
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(W(>Eqe)] 1
35 BT . 0.097 . 4678, (Table NBS-3)

(w(>1MeV) g, 0.143

» ratio of spectrum
coverage factors = 0.97

[w(>Eqe)]
95 "Ark . 0.0398 _ , cog (Table NBS-3)
(v(>1MeV)], .,  0.057 /

Hence, [4(>1MeV) « (nvt) Jgr = (8.01)(1.28)(0.97)(1.48x10"%)

= 1.47 A IOI5 n[cm2 sec (238U(n.f) detector)

(2) 54Fe(n.p) fluence transfer ratio
[R/NG],, = 0.908 X 10719 (Table NBS-2)
7-.04
[R/NG]gy = 1.29 X 10-1 (ILRR-X, Table HEDL-15;

irr. time - 13214 sec.)

i
(o(Egs)lgr  0.282 _

0.88 0.880
[o(>Egg) gy 0-275
(W(>Eqe)]
95'°BT _ 0.0474 _ 33 \
[v(>IMeV)]g, 0.143
| 1.52

[vCEge) Iare _ 0.0124
(w(>1MeV)],,.,  0.057

= 0.218 }

Hence, [y(>iMeV) + (nvt) ] = (7.04)(0.88)(1.52)(1.48 X 10'%)

1

=1.39 x 0'° .I/cm2 sec (SaFe detector)

NBS-16



The fluence transfer calculation is summarized in Table NBS-5 for 238U(n.f),
58Ni(n.p) and the other detectors that were part of the BIGTEN calibration

Test 74-20. The fluence results given in the last column are all within 5% in
contrast to the results of tiie conventional calculat ' ction 2.1 where for
the same four detectors the fluence values depart by more than 15%. The mean
fluence by the two methods differ by 7%, and the standard deviation of the mean

for the fluence transfer method is one third of that for the convential

calculation:
conventional calculation fluence transfer method
(Section 2.1 {Table NBS-5)
Cu excluded)
mean value: 1.55 X 10]5 n/cm2 1.44 X 10‘5 n/cm2
standard deviation
of the mean: + 6.4% +2.4%

A combination of activatior meezsurement errors and cross section uncertainties
cancel out when benchmark referencing is applied to the fluence measurement and,
as this example shows, more consistent results can be expected. An improvement
in measurement confidence, however, would exist even if the reduction in the

standard deviations were less striking -- see error source list in Section 2.5.

Two factors in Table NBS-5, truncated cross sections and spectrum fractions, are
the natural focus of examination in the assessment of errors. (See Section
2.5.3.) They explicitly identify the role of the transport computation in the
fluence derivation. Some complications remain, especially for the unusual two-
step benchmark referencing used here. For example, the neutron transport
problem for the benchmark is very unlike the one for the study spectrum (i.e.
criticality in uranium metal for BIGTEN vs water-steel penetration for the PWR
cavity). In spite of this difference, the two spectra above 1 MeV are rather
similar as will become evident when spectral indexes are examined in Section 3.

An important issue of error estimation is how to credit this spectrum similarity.
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2.4 Full-Power Neutron Flux in the Vessel Cavity

For this investigation the significant neutron field quantity is the cavity
flux corresponding to the reactor operating at full power. The effective
full power days for this irradiation was 48.7 days (see Appendix A). A
derived fluence, therefore, may be cnanged to full-power flux by dividing

by 4.21 X 10° sec.

The final flux for this first capsule irradiation will be obtained fron a
weighted average of the fluence transfer values in Table NBS-5. The weight-
ing factor for the average is chosen as the spectrum coverage factor for
each detector in the cavity spectrum (Table NBS-4, last column; or Table
NBS-5, the denominator in column 5). This choice recognizes that though

the spectra above 1 MeV are similar, the neutron transport oroblem for
BIGTEN is very different than it is for the LWR-PV cavity as was noted
above. (For a benchmark with neutron transport more closely related to the
cavity, a more equal weighting might be justified.) The result for such a

weighted average is,

full-power vessel cavity flux above 1 MeV for Ark. PWR. & Light, Unit ]

[6(>1 MeV) + (nv),] = 3.45 X 10% n/en” sec,

with a standard deviation of + 1.1%.

Other averages which may be calculated for comparison are (3.41 + 2.4%) X 108

for equal detector weight, and (3.43 + 1.2%) X 108 for detectors weighted
by dpa coverage. (The dpa, or displaced atom fraction due to neutron
exposure, is a neutron-exposure unit often considered aporopriate for

radiation damge work.)
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2.5 Errors

Activation detectors do not measure neutron fluence directly and sources of

error are numerous. The expressions for measured and calculated reaction

ratez (Eqs. NBS-1 and -2) have been set up so that individual errors can be

grouped conveniently under appropriate factors. Arranged in this way important

activation measurement and interpretation error sources are listed below.

Measured Reaction Rate.

1.

&

3.

gammacounter response, (D)

o counting statistics
G backgrounds including competing and impurity activations
@ electronic pulse coincidence corrections
(® gamma attenuation
© photopeak integration and counting data reduction
© gamma self shielding of foils
gamma detection efficiency, (g)
® gamma counting standards
G effective detector distance
© energy dependence cf detection efficiency
® long-term reproducibility
composite factor, (u)
@ activation decay constant (for extrapolation to TOR)
@ isotopic abundance
® branching ratio
@ fission yield
G neutron self-shielding
o field perturbation, gradients

o encapsulation including thermal neutron shields
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Calculated Reaction Rate

4. activation decay factor, (G)
o activation decay constant
o irradiation time history
5. number of detector atoms, (N)
@ mass of det:ctor material
@ elemental composition
6. reaction cross section, (F)
(© absolute cross section scale
G energy dependence of cross section
¢ spectrum averaging
A1l of these error sources are involved in a conventional fluence derivation
such as the one summarized in Section 2.1. It is well beyond the compass of
this report to estimate and propagate such an error list for the Ark. P. & L.
experiments. Some of the errors in fact, are very difficult to assess and are
treated only in the most carefully done research-oriented measurements. For
others, a range of error values could be stated based on evaluations and
interlaboratory consensus investigations. In large-scale or routine activation
measurements, the problem of keeping all error sources under control is an

important one.

Benchmark referencing procedures employed for activation dosimetry circumvent
most of the errors listed. Those which are almost entirely eliminated a. =
indicated by closed circles and those partially eliminated (or not amenarle to

benchmark referencing in all circumstances) are indicated by unclosed circles.
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The fluence transfer procidure described in this report involves only un-
circled error sources assc-iated with the calculated reaction rates. (The
uncircled errors associated with measure . reaction rates are not important
because the statistical errors of counting are small and the analysis does

not include correction to the free-field condition.)

A compiete error for the fluence transfer procedure must also include the
uncertainty in the National Standard Neutron Source, NBS-1, the Mn504 bath
calibration of the 252Cf fission source, and the fluence transfer measurement
in BIGTEN, all part of the calibration path shown in Section 2.3. Each of
these errors will be estimated and then propagated in what follows. We

begin with the error estimate for the activation decay factor, G.

2.5.1 Activation decay factor.

In Appendix A an activation decay factor, G' , which corresponds to an
irradiation time history re-arranged within a + 5% uncertainty bound, is
defined and compared with the decay factor G" corresponding to a constant
level 55 day cavity irradiation at constant power level. The re-arrangement
is chosen such that the ratio G"/G' is a maximum. The departure from unity
of G"/G' is taken as an upper limit or three standard deviation time history
error for this analysis. The time history error for each detector at the

lo level are as follows:

238y(n, ) Bsc(n,y) co(n,y)
140g, | 952¢ | 58Ni(n,p) | *Fe(n,p) | *61i(n,p) | Bre(n,y) | $cu(n,a)
half-1ife: [12.8d | 64.1d] 70.9d 24 83.9d 4464 5.27Y
300- 6/6']: | 225 | +0.5% $0.6% +0.1% +0.4% +0.7% +0.0%
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2.5.2 Counter response, D, and Number of detector atoms, N.

The detector foils are large enough to be accurately weighed by conventional
gravimetric techniques without obvious complications (scandium and cobalt foils
might be an exception). The HEDL laboratory agrees that such routine weight
determinations are better than +1% (lo) in the worst possible case, e.g.,
wrapped uranium metal foils of 5 mil thickness. The relative errors in the
counter response, e.g. counting statistics, reproducibility, shelf factors
etc., are estimated by HEDL in the memo of Sept. 8 from Lippincott. They are

less than +2% (1c) for all of the detectors considered in this report.

2.5.3 Reaction cross section and spectrum errors.

The truncated cross section ratio and spect:um coverage factors in Eq. NBS-5
are the relevant cross section and spectrum related quantities for fast-neutron
fluence transfer. In order to propagate errors for these quantities, un-
certainties must be assigned to the energy dependence of the detector crass
sections and to the BIGTEN and Ark. P & L. cavity spectra. The spectrum
errors will be estimated in a multigroup energy structure similar to that
employed for the NBS fission spectrum evaluation. (1) Two assumptions guide
the spectrum error assignments:

1. The cavity spectrum above 2 MeV resembles a 235U fission spectrum
slope over much of the energy range; departures are provided by neutron
transport calculations. The spectrum error bound is taken as the larger of
+5% or 1/3 of the departure of each group flux from its fission spectrum
value. The spectrum normalization is Eiwiaxi = |1 above 1 MeV.

2. Since a well-preserved 235U fission spectrum exists in BIGTEN above
~1.5 MeV, t?is benchmark is an adequate substitute for a true fission spectrum
standard.(2) The error bound is set between +(5-15)% in five energy groups.
(This bound is also about equal to 1/3 of the departure from the fission
spectrum shape with the exception of the first group. In that group. there
is good agreement beiween calculation and experiment for double Salculated-to-
experimental ratios of spectral indexes involving Np(n,f) and 238y(n,p).

This agreement allows a reduced error assignment.)

(ajTruncated cross sections in BIGTEN for the threshoid detectors in Table
NBS-4 are well within +10% of their fission spectrum values.
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The adequacy of the first assumption above can be investigated by examining
double calculated-to-experimental (C/E) ratios of spectral indices for the

cavity measurements. This will be carried out in Section 4 of this report.

Evaluated cross section shape errors are not readily available from the
literature. In lieu of them, a conservative bound for each cross section
shape has been estimated on an ad hoc basis from the tabulation in reference
[4] and from plots of independent measurements [5]. This bound is taken as an
uppi ' 1imit for those cross section shapes which have been measured often
and/or agree well with integral benchmark checks. Hopefully, proper cros.
section error evaluations from CSEWG and elsewhere are on the way. Since this
report is mainly a dosimetry demonstration study this issue will not be

discussed further.

The BIGTEN and Ark. P. & L. Cavity spectrum, and corresponding cross section
error bounds are given in Table NBS-6. The error bound is taken to be at the
95% confidence level or about 2c. The spectra are normalized to unity above
1 MeV. Group cross sections, normalized to o(> Ep) for each spectrum, are

given for BIGTEN, Ark. P. & L. and the 25°

U fission spectrum in Table NBS-7.
It is the departure of Lhis ¢i0ss section parameter from unity that governs

the overall fluence transfer error as will become apparent.

2.5.4 Propagation of cross section and spectrum parameter errors

The expressions for error propagation of cross section and spectrum quantities
in Eq. NBS-5 are set out in Appendix B. The fractional error for the ;ipectrum
coverage factors (Eq. B-8) involves two sum terms and a group flux parameter,

Y = WiAEi/W(> Eo). The latter parameter is given in Table NBS-6 along with

i
the spectrum error, S“i/“i’ for BIGTEN and Ark. P. & L.
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The error propagation calculation for the 238U(n.f) detector in outline is as

follows:

a. spectrum coverage factors, (238U(n,f), Eo =1 MeV),

(Eq. B-8; u and du/u from Table NBS-6)

Ark. P. & L., (E95=l.2 Mev, F=0.0398/0.057=0.70)
2

(i';) = 0.0054 + 0.0026 and £ = +8.9%, Ark

0 1.8 12 MeV

BIGTEN, (E95=1.4 MeV, F=0.097/0.143=0.68)

1 §F _
(Q;') = 0.00068 + 0.00020 and F - $3.3%,8T

| l |

0 1.8 12 MeV

Results for other detectors are in Table NBS-8.

The fractional error for the truncated cross section ratio (Eq. B4 in Appendix
B) involves three sum terms corresponding to the cross section shape error
(6s1/S1 given in Table NBS-6) and the two spectrum errors also given in Table
NBS-6. Note that the group flux parameter in Ea. NBS-4 is normalized to
w(>E95) rather than to w(>E°) as above: ui=wiAEi/w(>E95). Cross sections
normalized to o(>E95) are listed in Table NBS-7. The error propagation

238

calculation in outline for the U(n,f) detector is as follows:
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(238

b. truncated cross section ratio, U(n,f), Eo-l Mev),

(Eq. B-4; u.Gu/u.ési/si from Table 6)

Contribution of Total
lowest energy piropagated
group (1-1.5 MeV) error
cross section error sum term + 0.5% + 0.6%
spectrum error sum terms
BIGTEN +1.0% +1.1%
Ark. P. & L. + 132 + 14%

final error bound: é% = + 14% (20)

Results for other detectors are in Table NBS-3.

Clearly, the Ark. P. & L. spectrum uncertainty dominates the final error for the
238U(n.f) detector, and this uncertainty is itself dominated by the +35% error
bound in the lowest energy group between 1.0 and 1.5 MeV. Accuracy improver:nt
efforts therefore would have to focus on the energy range below 2 MeV. Experi-
mentally, this requires an examination of calculated-tc-experimental (C/E)

spectral index ratios involving 238 237

U and most essentially Np fission
detectors. Response ringes for these detectors for the Ark. P. & L. cavity

spectrum are as follows:

Ep(p=0.95) £, (p=0.90) E,(p=0.5) €, (p=0.05)
2375o(n,f)  0.052 MeV 0.40 MeV 0.86 MeV 3.4 Mey
2380 6)  1.20 1.40 2.3 7.3

only 238y(n,f) was measured in the first Ark. P. & L. irradiation. The C/E
spectral index ratios for this detector, benchmark referenced against BIGTEN,

#i11 provide a partial check of the sub-2 MeV spectrum. Analytically, of
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course, the cavity spectrum calculation should be examined against calculational
benchma'ks such as water penetration, steel transmission, or the PCA RPV-mock-
up facility. Such an exaimnation may indicate that the first assumption in

Section 2.5.3 above is too conservative for the energy range below 2 MeV.

Other detector uncertainties also are dominated by the cavity spectrum cal-
culation although the emphasis shifts to the spectrum coverage factors, i.e.,
the flux above 1 MeV compared to the flux in the detector response range.

For no detector is the cross section shape uncertainty of importance; so much
so that these uncertainties could be doubled or tripled with little effect on
the overall error. It is the BIGTEN referencing that so strongly suppresses
this error contribution (cf. first summation in Eq. B-4 vs. the corresponding
summation in Eq. B-2).

2.6 Final Value and Uncertainty €or the Cavity Flux Above 1 MeV Froum Individual
Detectors

A1l of the errors for this experiment are grouped under five neadings in Table
NBS-9. Errors are estimated at the 20 or the 95% confidence level. This is
considered appropriate for the RPV irradiation surveillance problem which is
the primary motivation for the Ark. P. & L. measurements. A final cavity flux
above 1 MeV is established as the mean of the four fluence values given in
Table NBS-5 translated o flux (see section 2.4) and weighted inversely as

the square of the total error for each detector given in Table NBS-9:
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Flux

Reaction x108)

238y n, f) 3.49 + 18%

58N1(n,p) 3.44 + 20% Cavity Flux Above 18MeV: 2
54Fe(n.p) 3.30 + 29% [3.44 + 12%(20)1X10° n/cm”™ sec.
4715 (n,p) 3.40 + 35%

This is the concluding result of step 1: a flux value from a weighted average
of individual detector results benc'marked in the BIGTEN reference neutron

field.

The total error of + 18% for the o

U fission detector show it .0 be the
most significant for deriving the cavity fiux. This total error is as much
dominated by cavity spectrum uncertainties as any of the total errors in

Table NBS-8.

Since each detector in this experiment has a distinguishable energy response
range and because this feature of the measurement has yet to be exploited, it
may be expected that the large contribution of the cavity spectrum error can
be reduced. This expectation, in fact, is already apparent: The standard
deviation of + (Z - 3%)(20) among the detector results given in Section Z.4
~uggests that the total error of + 12% as derived up to this point is too

high.

NBS-27



3. Observed and Calculated Spectral Indexes

Spectral indexes among the threshold detectors in the dosimetry capsu’e may be
compared in ratio with those predicted by the transport calculation. These
calculated-to-experimental rav.0s are the basis for evaluating the validity of
the cavity spectrum given by the transport computation. This is the second step
of the cavity flux calculation. In this report it will be carried out only to
the point of evaluating the ad hoc error assigned to the cavity computation

(Section 2.5.3 and Table NBS-6) and indicating aporopriate changes.

As discussed previously in Section 2.5.3, the spectrum computation may be
regarded as a means for transforming the fission spectrum source in the reactor
core to its appropriate shape in the cavity. Accordingly, the fission spectrum
is the ar~ropriate reference for the calculated-to-experimental spectral index
comparisons. The spectrum benchmark for this experiment is BIGTEN, a good
substitute for the fission spectrum. Since a number of different detectors
responses can be involved in such an analysis, the following subscripted terms

from the¢ NBS Benchmark Compendium are defined:

spectral index: Sa/B = oa/cs

where a and B8 refer to the two detectors involved and o is the full

spectrum averaged cross section.

calculated-to-experimental ratio of spectral indexes:

Ca/B - [Sa/B] cale /[SQ/BJexp
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3.1 Spectrum Response Characteristics

Three independent spectral indexes may be formed from four of the threshold
detectors exposed in the cavity. These indexes will be taken relative to the
238U(n.f) detector so that the response threshold of each detector compared to
that of 238U(n,f) points to the energy region where each spectral index is
sensitive (see NBS Benchmark Compendium, Table X-16). Called the non-overlap
interval, this region is defined as the energy interval between the truncation
energy, E95' for each detector and 238U(n,f).* For the cavity spectrum non-

overlap intervals, [(E95)a - (EQS)B]’ are as follows:

58Ni§n,gt 59Fe$n,o) 46Ti§n,o)
U(n,f) (n,f) (n,f)

non-overlap interval (MeV): 1.7 - 1.2 2.4 - 1.2 4.2 - 1.2

A more complete display of spectral index response characteristics is shown in
the bar chart of Fig. 1. The length of the bars for each detector corresponds
to the 90% response range between E95 and EOS; the indent is the median
response energy, ESO; and the vertical markers correspond to E25 and E75,
respectively. Thus, the bar chart presents a four group display of the energy
response of each detector in the cavity spectrum. Non-overlap intervals in the
Figure for the spectral indexes listed above is the energy .nterval between

1.2 MeV and the leading edge of the corresponding detector bar. The cavity
spectrum above 1 MeV, similarly marked off into four groups, is shown by the top
most bar and is foliowed by the dpa cross section response similarly marked

off. The latter is displayed for the full energy range of the cavity spectrum.

*

Analysis of spectral indexes in terms of non-overlap intervals is satisfactory
for the measurements considered in this report, but may not :2 applicable

for all combinations of detectors and spectra.
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The dpa response display shows that nearly 3/4 of the response is below
1 MeV. The consequent limitation of dosimetry measurements which are restricted

to 238

U(n,f) and higher threshold detectors is apparent. In this connection
the importance of the Np fission detector in dosimetry is shown by the last
bar in the figure (also plotted for the full energy range of the cavity spectrum
but with the Tower end of the response range set at E90)' It is the only
detector with a well known cross section that is sensitive to more than 1/2 of
the dpa energy response range for the cavity spectrum as shown at the top of

the figure.

3.2 Ratio of Spectral Indexes: Calculated-to-experimental

Conventionally, an experimental spectral index is the ratio of detector

reaction probabilities. Such absolute spectral index values for this experiment
are given in column 2 of Table NBS-10 based on the reaction probabilities

Tisted in Table NBS-2. In this report, however, it is benchmark referenced
spectral indexes which are of interest because they are more reliable and are
amenable to a complete error analysis. This holds true for any benchmark

(i.e., a neutron field whose spectrum is better known than the field under
study), but it is even more significant if the benchmark spectrum resembles

the study spectrum sufficiently well that cross section shape errors become

negligible in the calculated-to-experimental ratios.

The benchmark neutron field for this experiment is BIGTEN and the resemblence
of its spectrum to that of the cavity spectrum above 1 MeV is close enough to
make cross section shape errors small (see Section 2.5.4). The measured

spectral indexes for the cavity calibrated against calculated spectral indexes

for BIGTEN are given by
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(R/NG) /(R/NG) v - (> 0.4 eV)

[QIB CVy, QXp R/NG) /(RING)B BT B(> 0.4 eV) BT

Table NBS-5 Tab e NBS 3
The values of [ka/q] are given in Table NBS-10, column 3.
cvy, exp
The assigned error is the rms sum of two components: (1) the BIGTEN
spectrum error propagated in the calculated spectral index (2nd sum term in
eq. B-6, Appendix B); and (2) the counter response and number of detector

atoms errors given in Table NBS-9.

The spectral indexes predicted by the IRT calculation may be formed from the

cross sections in Table NBS-3,

: Oa(> 0.4 evV)

[éa/e]cv cale |o,(> 0.4 ev)|
y’ 8 . -cvy

and the calculated-to-experimental ratio of spectral indexes is

[Ca/e] . [Sa/e]cvy. exp
cvy

[?Jlg]cvy, calc

These double ratios are given in the last column of Table NBS-11. Errors are

the same as in Table NBS-10 since cross section uncertainties are not important.

The departures of the three Ca/s ratios from unity are small, statistically
insignificant in view of the assigned errors. Because these errors are not
more than + 10%, the ad hoc error assumption for the cavity spectrum in

Section 2.5.3 can be regarded as too conservative. In order to indicate a
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possible revision of that assumption, it is useful to interpret each spectral
index in an elementary two-group analysis. The two energy groups are the non-
overlap interval and the remainder of the energy range up to ~ 10 MeV -- see
Figure 1. Employing simple linear scaling based on the overlap fraction
listed in Table NBS-11, it can be shown that the maximum uncertainty in the
cavity spectrum as seen by the threshold detectors is the error assigned to

lC in Table NBS-11 scaled by the reciprocal of [1 - (overlap fraction)].
a/B cvy

“he result is as follows:

8yi/ue re/us 41i/u8
Non-overlap interval (Mev): 1.2 - 1.7 1.2 - 2.4 1.2 - 4.2
error in |C s (20): + 6.2% + 7.7% + 10.4%
o/8 cvy 1 i i -
[1 - (overlap fraction)] ': 4 1.9 1.3
maximum group-flux uncertainty 259 + 14% + 134

in non-overlap interval (20):

It will be assumed that the boundaries of the non-overlap intervals match the
five group boundaries ot Table NBS-6 well enough for purposes of error analysis;
that is, there would be little difference if the analysis were redone with all
parameters defined with matching boundaries. Starting then with the 58Ni/U8
index result of + 25% in the 1.2 - 1.7 MeV interval we conclude tnat it
would be appropriate to reduce the cavity spectrum error in the first group
shown in Table NBS-6 (1.0 - 1.5 MeV) from + 35% to + 25%. Next, the
%ce/u8 result of + 143 for 1.2 - 2.4 MeV does not agree with errors of
+ 35% and + 5% in groups one and two, respectively, since the average of
these two errors (weighted by group flux) is + 26%. An error of + 20% in

the first group would be more appropriate giving an average error over the

1.0 - 2.3 MeV interval of + 15%. (Reducing the + 5% error in the second

NBS-32



group, already set at ¢ minimum, would have little effect.) Finally, the
‘5T1/UB result of + 13% does not agree with the average error for groups |
through 3, the interval 1.0 - 3.7 MeV:

average error = [35 (0.53) + 5 (0.24) + 30 (0.13]/0.9
=+ 26%

Reducing the error in the first and third groups (1.0 - 2.3 MeV and

2.3 - 3.7 MeV) by 1/2 would yield a mor2 consistent average error:

average error = [18 (0.53) + 5 (0.24) + 15 (0.13)])/0.9
=+ 14%

Alternatively, reducing the error by 1/2 in the fourth of fifth groups

(3.7 - 12 MeV) would also yield 2 nearly consistent average error.

It may be concluded from this semi-quantitative examination that the ad hoc
cavity error bound set at about 1/3 of the departure from the fission spectrum
(but not less than + 5%) in section 2.5.3 could be better set at 1/5. The

error bounds for the cavity spectrum then would be,

1.0 1.5 2.3 3.7 8 12 MeV

|

£5% | £17%

20 error

bound: + 19% + 16% + 9%

A repeat calculation of the neutron flux above 1 MeV with these reduced
spectrum errors will not be carried out in this report. Other schemes for

examining the implications of the three Cm/£3 values for the cavity spectrum
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uncertainty are possible, of course. For example, a three-group, least-
squares adjustment procedure, with error propagation, would be more satisfying

analytically.

There is a more important point. The uncertainty assigned to each ca/B'
with all sources of error accounted for by means of the BIGTEN benchmark
referencing, leads to an uncertainty estimate for the cavity calculation
based on experiment. These new error bounds, although well below the

+ (25 - 35%) of the ad hoc assumption, are still in excess of + 15%. In
contrast, if absolute measured values of the spectral indexes had been used
to construc* Cm/8 and examined without regard to errors, as is commonly

done, it could be concluded in this particular case that the nominal cavity

calculation is rather good. The result is as foilows,

[s ] C based on

(TableQLSSE¥5: g:?. 2) abzgsute values
58yi/u8 0.288 1.00
S4ce/us 0.200 1.09
4671i/u8 0.0380 0.95

The departures from unity came out surprisingly small and an adjusted cavity
spectrum based on these values would show average departures of perhaps 10%
from the transport calculation result. It might not be evident that the

uncertainty on such an adjusted spectrum should be set in excess of + 15%.
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CAVITY

>8Ni (n,p) % ‘ A1

>4Fe(n,p)

46Ti(n
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Figure 1.

|
SPECTRUM i"‘" : {
-

DPA/RA

DETECTORS
238U ( n ’f ) | 1 A 1

,p)

B A J,

0 2 3 4 © 0 MeV

0 | 2 3 4 6 10 MeV

Response range chart for threshold detectors and for the dpa

exposure unit. Each bar covers 90% of the energy response

range and is marked off into four sub-intervals of equal response

by means of an indent at E _(p=0.5) and two vertical markers at
(p=0.25 and 0.75). The Pange of the cavity spectrum itself is

<Rown at the top normalized to unity above 1 MeV.
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TABLE NBS-1. Description of First Experimental Dosimetry Irradiation in
Arkansas Power and Light Unit #)

(1) Detectors in capsules: 235U. 238U. Fe, Ti, Co, Mi, Ta, Cu, Sc, Ag, and S
(cadmium covered)

(2) Placement: Midcavity near the reactor beltline

(3) Irradiation Time History:
- startup on 12-9-77; shutdown on 2-2-78; time-of-removal (TOR) at
2400 CST on 2-2-78; capsule exposure time = 55 days; equivalent full
power days = 48.7

- condensed time history from reactor power log:

TOR
days to TOR: 55 12 N 6 0

% full power: | 0.995 | 0.69 | 0.564 | 0.395 |

(4) Ratio of average flux to full-power flux = 0.885.
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TABLE NBS-2. Counting Results and Isotopic Reaction Rates

Activation (¢)

(4)

Product Reaction Rate Reaction

Detector (a)ggg @ TOR (b) dps @ TOR Fagzg:y(G) ey
Reaction mg nucT. (sec-1) (R/NG)

Threshold QFactions
28y(n,/)%2r | s.42 :3.22] 0.211x10°Y | 9.1 x108| 455 x 10710
238y(n, ) %%a | 11.35 + 3.08| 0.449 x 1071 | 1.68 x1077| 452 x 10710
Mee(n,p)™mn | 1417 s 2.7%) 2.20 x 1078 | 2.42 x10%| 0.908 x 10°%°
rin,p)*sc | 1.374 =+ 3.0%] 1.324 x 10718 | 7.68 x 108! 0.172 x 10710
Bri(np)Bco | 77.8 . 2.9%| 1.20 x10°7 | o.848 x1077| 1.303 x 10710
8cu(na)®o | 0.0208 + 408 3.77 x 1003 | 412 x109| o0.915 x 10712

Nonthreshold Reactions
23%y(n,£)P2r 2625 £ 313 1.025x10°% | 9.1 x10%| 1.746 x 1077
Bre(n,y) 0.0311 + 3.1%| 9.08 x 107 | 121 x107| o0.75 «x 107}
Bsc(n,y) 76.5 + 2.9%| 5.72 x10°8 | 7.68 x108| o0.745 x 10710
¢co(n,y) 18.3 = 2.7%| 1.794 x 107 | 412 x 0% 435 x 100

(a)Counting results reported by HEDL

(b)dps/nucl. = [dps/mg] x [atomic no.] + [6.02 x 1020 (isotopic abundance)].
This quantity is often re.erred to as the total reactions per target nucleus.

(C)See Appendix A. For a long half-l1ife, G is equal to the activation decay

constant.

(d)R/NG is equal to the product of reaction cross section and neutron fluence.
In this data reduction scheme it is the ratio [(column 3 value) # (fission

yield)]/[column 4 value].
ments (see Section 2).

The fission yields are from ILRR program measure
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Cross Sections:

TABLE NBS-3.

SPECTRUM-AVERAGEC CROSS SECTIONS,

SPECTRUM FRACTIONS, AND ENERGY RESPONSE RANGES.

ENDF/B-1V Dosimetry File

cross Section(®  |spectrum®) |Median(c) (c)
Detector a(> E.) Fraction Response Response Range
Reaction P Energy
'E;TGFTTET"E;TE=UT§§T ¥Egg) | E,(p=0.5) E, (p=0.95) E, (p=0.05)
Spectrum: BIGTEN; Designation: BIGI0-7-L1
237\o(n,f) | 0.460 1.054 0.414 1.00 0.395 4.3
238,(n,f) | 0.0523 0.512 0.0970 2.5 .40 6.7
Bi(n,p) | 0.01612 0.2295 0.0667 4.01 1.91 7.8
Mee(n,p) | 0.01207 0.2421 0.0474 4.32 2.41 8.1
%ri(n,p) | 1.567 €-3 | 0.0828 0.0180 5.91 3.87 9.9
83cu(n,a) | 6.26 E-5 | 0.01542 3.85 E-3 | 8.24 6.18 11.8
|
Spectrum: PWR, Midcavity; Designation: PWR/CVY-7-I

237yo(n.F) | 0.231 0.425 0.518 0.863 0.052 3.4
238yn.7) | 0.0167 0.399 0.0398 2.28 1.20 7.3
Byi(n,p) | 4.82€-3 | 0.209 0.022 4.64 1.70 8.4
Ace(n,p) | 3.61 E-03 | 0.275 0.0124 5.15 2.40 8.6
%ri(n,p) | 6.08 E-4 | 0.1145 0.00502 6.4 4.2 9.9
63cu(n,a) | 2.95 €-05 | 0.0145 0.00194 8.0 6.2 1.4
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Footnotes for TABLE NBS-3

(a)The value given first is a full-spectrum averaged cross section above
a cadmium cut-off 0.4 eV. The second value is for a truncation energy Ep.
above which 95% of the detector response occurs - see column 6. The spectrum

average cross section truncated at energy E_ is given by

P

a(> Ep)=f o(E)¥(E)dE f V(E)dE
% p

(b)The fraction of the spectrum above Ep(p = 0.95): (> Ep) B f; y(E)dE.
For p = 0.95 the full-spectrum-averaged cross section o(> C.4 eV) s

equal to [o(> Ep) - (> Ep)/0.95].

(C)The fractions p = 0.95, 0.5, and 0.05 define energies above which
95%, 50% (median), and 5% of the detector response occurs, respectively.

Ep is defined by the relation

f o(E)Y(E)aE = p » [o(> 0.4 eV)]
EP

where E (p=1) =0.4eV, and E (p = 0) = 20 MeV; and f Ww(E)ME = 1 .
P P 0.4 eV
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Ly-SEN

Table NBS-4.

235

Spectrum Coverage Factors and Truncated Cross >2ction Ratios

U Fiss. Spec. BIG TEN Ark, P. & L. Cavity

Reaction |Egg 9(>Egg) v(>Egs)  ||Egs 9(>Egg) V(Egg) |l Egs o(>Ege)lpy | ¥>Egg)

(MeV) o(>E95)]Ark l>1MeV) (Mev) 01>E95$]Ark y(>1MeV) (Mev) (barns) (>1MeV)
238y(0.¢) [1.5 1.35 76% 1.4 1.28 68% 1.2 0.400 70%
Byinp) 2.1 1.26 54% 1.9 1.10 473 1.7 0.209 39%
Mee(n,p) |2.5 0.92 431 2.4 0.080 33% 2.4 0.275 22%
%1i(n,p)-]3.9 0.69 18% 3.9 0.72 13% 4.2 0.1145 8.9%
63cu(n,a) [6.1 C.96 3.5% 6.2 1.06 2.7% 6.2 0.0145 3.4%




Table NBS-5.

Cavity Fluence Above 1

MeV Based on Fluence Transfer from BIGTEN

Truncated
Reaction Cross Ratio of Fluence above
¢ Probability Section Spectrum 1 Mev
95 Ratio Ratio Coverage | [w(>1 Mev-(nvt)ol
Reaction  (p=0.95) CVY/BIGTEN  BIGTEN/CVY Factors (n/cm?)
238(n,f) 1.2 Mev 8.1 1.28 0.678/0.698 | 1.47x10'°  1.000
=0.971
Bi(n,p) 1.7 7.36 1.10 0.47/0.39 |1.45 0.99
=1.21
Bre(n,p) 2.4 7.04 0.880 0.331/0.218 | 1.39 0.95
=1.52
ri(n,p) 4.2 9.37 0.72 0.126/0.088 | 1.43 0.97
=1.43

The fluence in the last column is the product of the three preceding factors

and the BIGTEN fluence above 1 MeV of 1.48 X 10M n/rm2 -- see E3. NBS-5.
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Ev-SaN

Table NBS-6. Spectrum and Cross Section Errors Bounds, (2a)
ENERGY G ROUPS

1.0 1.5 2.3 3.7 8 12 MeV
2520 Fiss. Spect.,(u): (2 0.219 0.275 0.284 0.208 0.0127
Ark. P. & L. Cavity
group flux, (u):‘?) 0.526 0.237 0.130 0.098 0.0083
error: + 35% + 5% + 302 + 27% + 20%
BIGTEN
group flux, (u):(®) 0.371 0.270 0.218 0.133 0.0074
error: + 103(P) + 5% + 8% + 143 + 15%

Cross Section Shape Errors
238

u(n,f) 20% a% i 5% 6%
BNi(n,p) 20% 103 10% 15% 20%
ee(n.p) 40% 20% 15% 15% 30%
4613 (n.p) = = 40% 20% 30%
83cu(n,a) - - i 30% 20%

(a)Normalized to unity above 1 MeV: pu = ¢ = AE/Y(> 1 MeV)

(b)Reduced error because 37/28 double ratio, BIGTEN/(;!38

U fiss. spec.), agrees with calculation to better
than 10%.
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Table NBS-7. Normalized Five-Group Cross Sections, (01/0(> 595)). For BIGTEN and Ark. P. & L. Cavity
G ROUPS

ENEGRGY

12 MeV

o(> Egg)
(barns) 1.0 1.5 2.3 3.7

238, 1)
235 fiss. spect. 0.543 0.1500 0.876 1.013 1.129 1.823
BIGTEN 0.512 0.1336 0.918 1.074 1.203 1.933
Ark. P. & L. 0.399 0.1565 1.155 1.379 1.647 2.48)
58Ni n
235 fiss. spect. 0.262 0.02 0.13) 0.647 1.727 2.49
BIGTEN 0.230 0.02 0.145 0.730 .98 2.84
Ark. P. & L. 0.209 0.02 0.150 0.740 2.383 3.13
54

‘e(n,g)
235 fiss. spect. 0.252 0 0.05 0.496 1.506 2.29
BIGTEN 0.242 0 0.04 0.506 1.570 2.37
Ark. P. & L. 0.275 0 0.04 0.402 1.549 2.10
46

Ti(n,p)
235 figs. spect. 0.0794 0 0 0.02 0.826 2.88
BIGTEN 0.0828 0 0 0.02 0.800 2.78
Ark. P. & L. 0.1145 0 0 0.10 0.753 1.99
63

Cu‘n,a)
2350 fiss. spect. 0.01386 0 0 0 0.1014 2.13
BIGTEN 0.01542 0 0 0 0.09667 1.95
Ark. P. & L. 0.0145 0 0 0 0.1822 2.03




Sy-SaN

Table NBS-8. Propagated Spectrum and Cross Section Error Bounds (20) for Spectrum Coverage Factors and
Truncated Cross Sections :7q. NBS-5)

U238(n, f) Ni58(n,p) Fe54(n,p) Ti46(n,p) Cu63(n,a
E95: 1.2 MeV 1.7 2.4 4.2 6.2
Spectrum Coverage Factors
BIGTEN Spectrum +3.3% +4.8% +6.4% +12% +29%
Ark. P. & L. Spectrum +8.9% +20% +24% +31% +39%
rms sum: +9.5% +20.6% +24.8% +34% +491
Truncated Cross Section Ratio
Cross Section Shape +0.6% +1.2% +1.8% +2.3% +26.2%
BIGTEN Spectrum +1.1% +4.2% +4.1% +3.1% +1.0%
Ark. P. & L. Spectrum +14% +9.9% +12% +6.8% +27%
rms sum: +14% +10.8% +12.7% +7.8% +38%
Total Spectrum and Lio0ss (a):]7% +23% +28% +38% +62%

Section Error (20)

(a)More than 95% of this final error is due to the 35% error in the lowest group-flux between 1.0 and 1.5 MeV in
the Ark. P. & L. Spectrum (see Table NBS-6).
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Table NBS-9. Summary of All Errors in the Determinat‘on of Flux Above

1 MeV From Individual Detectors (20 or J5% confidence level).

u238(n,f) Ni58(n,p) Fe54(n,p) Ti46(n,p) Cub3(n,o)
Neutruii source strength of NBS-I: 2% 2% 2% 2% 2%
HnSO‘ bath intercomparison: <t1% <t1% <t1% <t1% <t1%
Neutron fluence at 252Cf
fission spectrum irradiation
facility: $2.5% $2.5% +2.5% $2.5% 12.5%
Neutron fluence transfer to
BIGTEN: +3% +3% +3% t3% +3%
rms sum: $4.5% +4.5% +4.5% £4.5% £4.5%
Activation decay factor:
(section 2.5.1) t1% +1.2% +0.2% +0.8% +0.0%
Counter response:
(section 2.5.2) <+ 4y <+4% <+4% +43% +4%
Number of detector atoms:
(section 2.5.2) <:2% <+2% <+2% <12% <2 2%
Spectrum parameter errors including
cross sections (Table NBS-8)
Ark. P. & L. spectrum: +16.3% +22.3% 126.8% +31.8% +47.6%
Other: $3.5% +6.5% +7.8% +13.0% +39.0%
rms sum: +17.0% 123.2% +27.9% +34.4% 61.5%
Total Error (20): £17.9% +24.1% +28.6% +34.9% +61.8%




TABLE NBS-10. EXPERIMENTAL SPECTRAL INDEXES FOR THE CAVITY

Referenced to BIGTEN®
» ERRORS (20)
Detector Absolute? [S ] ol
a/8 BIGTEN R/NG

Reactions value cvy spectrum ratio Total
8yi(n,p)/u8 0.288 0.283 +4.6% <+ 4.2% <+ 6.2%
>4re(n,p)/u8 0.200 0.203 + 5.5% < +4.2% <+7.7%
%13 (n,p)/u8 0.0380 0.0351 | +8.9% <+ 4.2% < +10.4%

dpatio of reaction probability, R/NG, given in last column of Table NBS-2.

®Ratio of reaction probability ratiss, [R/NG]_, /[R/NGlgy, given in third

cvy
cdlumn of Table NBS-5 multiplied by the calculated spectral index for BIGTEN,

¥
[“/8 BT, calc
Table NBS-3.

, from full spectrum cross sections, o(< 0.4 eV), listed in
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TABLE N8S-11. Calculated-to-Experimental Ratio of Spectral Indexes, [ta/B]
cvy
CAlculated-t?B)

Non-overlap (a) Experimental
Detector Interval Overlap ca/B
Reactions (MeV) Fraction cvy
%8Ni(n,p)/u8 5 - 1.8 75% 1.02 + 6.2% (20)
4ce(n.p)/u8 2.4 - 1.2 46% 1.07 + 7.7% (20)
411 (n.p)/u8 8.2 - 1.2 21% 1.03 +10.4% (20)

(‘)Percent of 238U(n.f) response above E95 of detector a.

(b) S calculated from cross sections, o(> 0.4 eV), in Table NBS-3;
a/B cvy
benchmarked experimental values from Table NBS-10.
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APPENDIX A: Calculation of Activation Decay Factor, G(A,T)

The activation decay factor converts a reaction product decay rate into a

reaction probability for that product according to the definition,

R . G - reaction . | neutron A-1
N cross section fluence | °*
where R/N = specific reaction rate (dps/nucleus),

0

't o(t)dt
WATY # X -; » #(t) = irradiation time history, A-2
f $(t)dt A\ = decay constant
-T T = irradiation time

(See reference [1]).

For an irradiation of length T at constant flux,

G = % a - e'AT)

21 for > T

The summary time history given in Table NBS-1 may be used to calculate rather

accurate activation decay factors for the Arkansas P. & L. irradiation

(T = 55 days):



-6
11
[0.995(43) + 0.69 + 0.564(5) + 0.395(6)]

12 0
o.”sf e'tat + 0.69 e M2 + o.ssaf etdt + 0.395 fse“dt
-55 - -

G =12

- 1-517[0.995(c"‘2-e'*55) +0.69 A e M2 4 0.564(e7 26021 4 0.395(1-("6)]

The arithmetic will be carried out for the 58N‘I(n,p)SBCo and 238U(n.f)MoBa

reactions.

8yi (n,0)°8co: Ty = 70.9 d, X = 0.000978/d, [xr «0.537, 1-¢Ma 0.415]

G = ,317 [0.995(0.889-0.583) + 0.69 X (0.889) + 0.564(0.94-0.90) + 0.395(1-0.94)]
1
m [ 0.304 ¢+ 0.006 + 0.023 + 0.n24 l]

-55d =12 -1 -6 TOR

- 1,35 - 0.00732/d or 0.848 x 107 7/s.

This result is within 0.1% of the value obtained from a detailed calculation based on
the daily reactor power log. Also, a fG-factor corresoonding to a 55 day irradia-
tion at constant flux (i.e. G" = (1 - e'xT)/T = 0.874 x 10'7/5) differs by only 3%

from the above value. For this detector, therefore, credible time history un-

certainties would not be important.
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238 £)'4%5,. v = 1284, A= 0.052/d, [(1 - e ATy/1 = 2.00 x 10°7/s]

G = 131, [ 0.469 + 0.019 + 0.097 + 0.110 ]

| | I | I
-55d -1z -1 -6 TOR

- %898 . 0.01427/d or 1.651 x 1077/

This result is within 1.5% of that given by a detailed calculation. The
ATyt
2.00 x 10'7/5) differs by 21% from the correct value. Thus, for this

G-factor for a 55 day constant level irradiation (G" = (1-e

detector (with a half-1ife equal to about 1/4 of the irradiation time), an

uncertainty bound of + 5% on the time history, for example, would introduce
a maximum error in G of a few percent. This can be shown by considering a

decay factor, G', for an irradiation which is 5% above the average flux

for - T <t < T/2 and 5% below the average for - T/2 < t < 0:

g = % (1.05 eAT/2 _ ¢AT) 4 0.95 (1 _ =AT/2) _ 0.92
vS.
Gn = 1 - e-XT = 0.95
——f— —T

The ratio G'/G" is 3% for a departure from constant flux that maximizes the

change in G.
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For other reactions in Table NBS-2 we have,

g
238'J(n.f)gslr ‘54Fe(n,p)54Mn 46Ti(n.p)46$c 58Fe(n.y)59Fe p
Y, 64.1 d 312 d 83.9 d 44.6 d
6 9.10 x 1078/s | 2.42 x 108/s| 0.749 x 10”7 1.15 x 1077
o = 10| g 47 x 1078 2.42 x 10785 | 0.768 1.21 x 1077
6'/6" 0.986 0.998 0.988 0.980

Sased on this elementary analysis it is suggested that activation decay

factors be explicitly given and compared with G'

and G"

when it is

necessary to estimate the contribution of time history uncertainty to reaction

probabilities.
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Appendix B. Error Propagation Formulae for Spectrum Parameters

1. Spectrum-Averaged Cross Section, o

S AE
i y i

i .
= 0 -
AE oV
wi i

B-1

o
e 04 | = b

where S5 is the cross section shape and % the factor which establishes

the absolute cross section scale: oF s Oy i+

The fractional standard error, &0/0, without covariance  { P

“? . a2 -
s 1 3g 2 .1 )3 3 > 2
(-f) .[3—3"0] {9) "7 k[is—k] 'l 7 [a“’k] iy

ag

2
60 2 AE
0

For normalized spectra, V=1 and U = 6/00,

(%)2 ’[Goz} " [;—i i AE"]Z (6 1') ) ‘ﬁ: [

The quantities 8. /¥; and 8s;/s; are the fractional errors in the group flux

I

2 Sy, \2
} (wi AEi)Z‘/——i) .

Qn

spectrum and the group cross section shape, respectively.
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2. Truncated Cross Section Ratio (same detector, two spectra), R(>Eﬁ)

o (>E) UV
o o . Db
R = Ry e IO
s n s''s
where
Uy = 2 S Vx BBy 0 Yyt Z by 0E; = 9,0 Ep) . 3
1>1p 1>iD

Following the same steps as in (1) the fractional error without covariance

is,

2 o o 2 /8s.\2
6R> 2 i i 9 i
= u -
( 1.>1p[b obb Epi s o (> ED)J ( si)

o 2 Sy, \2
2 i 2 b
: >i [] : E;(TE'W'] " (—) o

p

.

0. 2 Su_\2
z : i 2 S

1D
where u =y, AEi/wx(> Ep).

In practice, when Ep does not correspond to a group energy boundary, the
affected term in the sum is scaled linearly by the fractiorn of the detector

response in the affected energy group.
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3. Spectral Index (two detectors, same spectrum), S
a/8

o ooo 'Z sai wi AE‘!

%08 ;g; Sai ¥ AE

The fractional standard error is,

2 48s_.\2 2 /8s
af 81\ (%81 \] (o a.)?
) >0 ( a) (sai) (°e) (‘si) "%

B-5

o Ons\o S0 8o
+ Z oﬁ‘. - a.@.i. (wi AE‘)Z(u‘)Z+(oax)2-’-(aoE : B-6
i>0 a 8 i oa \ OB

4a. Spectrum Fraction (one detector, one spectrum), y(>E )

2w O
i>i

w(> Eo) = ——D_—-..é_
' Y, A
{>o i i

The fractiona] standard error ic

2 2 !
& - EZ ] - 2
(4) - &, ()« (P B oo (5]
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4b. Spectrum Coverage Factor (one detector, one spectrum), F(E , E )

L,y O
( ) v(> E) i>iD
F(E_, E ’“(_EET‘
Sl wi> 0 2: Vs AE
i>io

Ep = detector truncation energy

Eo = fast fluence boundary, commonly Eo = 1 MeV

The fractional standard error is,

]

(%)

where Hi

i
b3
v

Su,\2 2
k (1 . F)
U, —— +
10<§<:ip (" “k) ) &

Sup \2
(uk —u;) R

In practice when Ep does not correspond to a group energy boundary,

the affected term in the sum is scaled linearly, by the fraction of

detector response in the affected energy group.
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