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Bumup Verification Measurements on Spent-Fuel
Assemblies at Oconee Nuclear Station

The application of bumup credit to the design of spent-fuel casks
results in significantly reduced costs and risks in the transport and
storage of spent-fuel assemblies. A measurement system to verify
reactor records of spent-fuel bumup can permit the burnup credit
savings to be realized. This report describes the demonstration of a
practical, accurate method of verifying reactor records for the
exposure of spent fuel.

BACKGROUND NRC regulations require a substantial margin of safety to ensure
that spent nuclear fuel cannot raach criticality (support a sustained nuclear reaction)
as a result of unforeseen accident or abnormal shipping conditions. A practical
measurement can permit use of realistic properties instead of conservative fresh-
fue! properties. Storage, transportation, and disposal designs based on realistic
spent-fuel composition (burnup credit calculations) can result in significantly more-
efficient arrays of assemblies, reduce the need for expensive neutron absorbers,
and decrease the risk in transporting a given quantity of fuel by permitting higher
payload in each shipment and fewer total shipments. EPRI cosponsored this work
with Sandia National Laboratones and Los Alamos National Laboratory to perform
burnup verification measurements applying the fork detector system, used by the
international Atomic Energy Agency to verity reactor records for safeguard applica-
tions Duke Power Company's Oconee Nuclear Station served as host utility.

OBJECTIVES To establish a database using the fork detector systern at an oper-
ating nuclear utility, to c‘etermine measurement compatibility with utility operating
procedures; 1o develop .\n operational plan for implernenting verification measure-
ments with uhity input

APPROACH Investigato > used the fork detector system to examine spent-fuel
assemblies First, they measured neutron and gamma-ray emissions from individual
spent-fuel assenblies in the storage pool. Next, they performed tests that demon-
sirated the ability of the system to verity reactor records for bumup and cooling
nmes and detec! deviations from those records. Finally, they examined 93 assem-
blies, measuring burnup vanation in two assembiies,

RESULTS The fork detector syeiam measures the passive neutron and gamma-
ray emissions from individual spent-fudl assemblies while in the storage pool. After
five years of decay, the predominant ne.tron emitter in spent fuel is cunum-244,
formed by successive neutron captur: be ginning with uranium-238. The major
gamma emitter alter several years o cool ng is cesium-137, produced as a fission
product The shorer-lived isotopes o' curum and cesium are activation products,
which are insignificant after a few ye.'\r. uf cooling.

In testing, the fork detector system m. 2asurements correlated well with the Oconee
Nuclear Station records. The average uaviation of the reactor burnup records from

EPR: TR103591s

Electnc Power Research Institute



the calibration was 10% without corrections for initial enrichrment and 2.2%
with corrections. The derived calibration indicated that the neutron signal
was proportional to the bumup raised to the 3 81 power. The gamma-ray
signals were also in general agreement (15%) with the burnup records.
Two of the 93 assemblies measured proved anomalous, producing much
higher neutron signals than the bumup would explain, In a verification
campaign, these two assemblies would require further study or be excluded
from the acceptable fuel for a bumup credit cask.

EPRI PERSPECTIVE The fork detector system performed quite well and
proved relatively easy to set up and operate. It could provide an accept-
able means for veritying burnup of fue! assemblies before loading into a
burmup credit cask or canister. Detector system measurements should be
used to screen for gross errors in reactor records, such as inadvertent
assignment of the burnup of one assembly 1o another. Ultimate qualifica-
tion of a fuel assembly for loading should be based on the verified reactor
records for burnup, since the records are likely to have less uncertainty in
isotopic composition.
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ABSTRACT

The FORK measurement system has been used to examine spent fuel assemblies at the
Oconee Nuclear Station of Duke Power Comrany. The neutron and gamma-ray
emissions from individual spent fuel assemblies were measured in the storage pool
after the assemblies were partially raised out of the storage rack. The tests were
designed to demonstrate the ability of the FORK system to verify reactor records for
burmu cr and cooling time, to detect deviations from those records, and to develop
Kroce ures for the use of the system that are compatible with utility operations.
inety-three assemblies were examined in 3 1/2 days of operation. The variation in
burnup along the length of the assembly was measured for two assemblies. The FORK
measurements correlated satisfactorily with the Oconee reactor records. The average
deviation of the burnup measurements from the calibration was 10% without
corrections for initial enrichment, and 2.2% with corrections. Two anomalous
assemblies were detected well outside these values. The system proved to be
compatible with storage pool operations, and rould be used most effectively to verify
reactor records in a campaign involving a large number of assemblies. The test
program was a cooperative effort involving Sandia National Laboratories, Los Alamos

National Laboratory, Duke Power Company, and the Electric Power Research Institute.
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INTRODUCTION

The nuclear properties of spent reactor fuel depend on the initial composition of the fuel
and the burnup that the fuel experienced in the reactor. The nuclear reactivity of a
spent fuel assembly and the criticality (the ability to sustain a fission chain reaction) of
an array of spent fuel assemblies can be calculated from the initial enrichment, burnup,
and cooling time of the assemblies!. An average burnup value is assigned to each fuel
assembly at the time of discharge from the reactor based on the operating history of the
reactor and the distribution of the neutron flux as monitored by in-core measurements
during operation. In this report, burnup will refer to the average burnup value
assigned to an assembly. Burnup is commonly expressed as the time integral of the
thermal power (e.g , gigawatt-days) per metric ton of uranium (GWD/MTU) metal
origir ally contained in the assembly. A need for verification measurements arises from
the mcorforation of burnup credit concepts in the design of storage and transport
systems for spent reactor fuel. A verification measurement can contribute to the
acceptibility of burnup credit by preventing criticalir{ problems due to miscalculation
or misidentification of assemblies. The purposes of the measurement operation
described here were to establish a database with the FORK decector system at an
operating nuclear utility, to determine compatibility with utility operating procedures,
and to develop an operational plan for implementing verification measurements with
utility input.

Burnup Credit

Spent fuel assemblies must be stored and transported so that criticality is not possible,
even under theoretically optimized conditions. Calculations of criticality have
traditionally assumed that the assemblies are immersed in ﬁure water, and that the
composition of the fuel is unchanged from its original (fresh) state. Calculations using
realistic spent fuel composition (burnup credit calculations) can result in significantly
more efficient arrays of assemblies, and can reduce the need for expensive neutron
absorbers. Burnup credit calculations make use of the fact that the nuclear reactivity of
the spent assembly is reduced by the depletion of fissile material and the production of
neutron absorbers by activation and fission reactions. The use of burnup credit
calculations to replace “fresh fuel” calculations in the design of casks for transporﬁni
spent fuel can increase the number of assemblies that can sately loaded into a cask by
as much as a factor of four. The application of burnup credit to the desic?n of spent fuel
casks results in significantly reduced costs and risks in the transport and storage of
spent fuel assemblies?2.



Introduction

Spent fuel casks designed using burnup credit are restricted to accept only assemblies
that meet certain minimum burnup restrictions, to limit maximum theoretical criticality
10 less than 95%. The characteristics of fuel acceptable for loading into a burnup credit
cask can be specified by a loading curve, an example of which is shown in Figure 1-1.
This loading curve is for illustrative purposes only. The design of each cask or storage
arrangement would generate its own specific loading curve. The curve delineates the
minimum burnup credit required for a particular initial enrichment and separates the
assemblies with acceptable charactenstics from those that are unacceptable. If
unacceptable .ssemblies are present in the spent fuel pool, the possibility exists that
some unacceptable fuel could be misloaded due to misapplied reactor records or an
error in assembly identification.

B0 e ———t———— o
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Figure 1-1
Burnup Credit Loading Curve



Introduction

Studies have concluded that the utx’hg»supplied data on burnup are of greater accuracy
and reliability than could be provided by additional radiation measurements on spent-
fuel assemblies3. The role of a burnup measurement after discharge is to demonstrate
the consistency of the reactor records, detect possible misidentification of assemblies,
and detect anomalous assemblies that might affect criticality.

Radiation From Spent Fuel

The emission rate of neutrons and gamma-rays produced by natural radioactive decay
of the radioisotopes in the spent fuel can be related to the brnup of the assembly.
Radioisotopes are produced in the fuel elements during operation of the reactor
activation and fission reactions, and decay with a wide range of half-lives after the

assembly is discharged from the reactor. Some important gamma-ray and neutron
emitting nuclides are listed in Table 1-1.

Table 1-1 Gamma-Ray and Neutron Emitting Nuclides

Nuclide Half-Life (yr) Radiation

42c 045 n, spontaneous fission
2440 181 n, spontaneous fission
13 2.06 ¥, 605, 796 keV
137¢% 300 Y, 662 keV

In the application of burnup credit, the fuel assemblies have been cooled for over

5 vears, which greatly simplifies the analysis of the emitted radiation. For shorter
cooling times many more isotopes are significant emitters, but most have decayed to
insignificance after several years because of the predominance of short half-lives in the
fission and activation products. After 5 years the predominant neutron emitter is
curium-244, which is Ermed by successive neutron capture beginning with uranium-
238 The neutron emission is found to follow a Kower law relationship with burnup in
which the neutron signal increases with about the fourth power of the burnup. The
neutron signal is therefore very sensitive to burup. An additional advantage to the
neutron measurement is to reduce the problem of self-shielding of the internally
generated radiation. The attenuation is greater for gamma-rays than it is for neutrons,
so that neutrons that reach the detector can originate from rods deeper inside the
assembly than could be sampled by gamma-rays alone. The major gamma emitter, after
several years of cooling, is cesium-137 which is produced as a fission product so that its
production is essentially a linear function of burnup. The shorter-lived isotopes of
curium and cesium are activation products that are insignificant after a few years of
cooling. The combination of the gamma and neutron measurements allows th the
burnup and the cooling time of each assembly to be checked. The purposes of this
verification operation at Oconee Nuclear Station were to penerate a database of
measurements with the FORK detector at an operating nuclear utility, to examine the
interfaces between the requirements of the measurement =nd the uti ity operations, and

to obtain utility input to the development of an operational plan for implementing such
a measurement

1-3




[Introduction

FORK System

The FORK system measures the passive neutron and gamma-ray emission from
individual spent fuel assemblies while in the storage pool. The system, designed at Los
Alamos National Laboratory, has been used for many years by the International
Atomic Energy Agency (ILAEA) to verify reactor records for safeguard applications. The
results of those measurements are summarized, and publications cited, in Reference 4.
Comparison tests of this technique with more complex active and high-resolution
measurement technigues have indicated essentially equal effectiveness®.

The FORK detector and its associated electronics are shown in Figure 1-2. Figure 1-3 is
a disassembled view of the detector head. Each of the two arms of the FORK detector
contains two fission chambers (the outer steel cylinders in Figure 1-3) to measure the
yield of neutrons, and one ion chamber (the inner brass cylinders shown between the
fission chambers in Figure 1-3) to measure gross gamma-ray emission. One fission
chamber (the epithermal detector) in each arm is imbedded in a polyethylene cylinder
that is surrounded by a thin sheet of cadmium. The other fission chamber is outside the
cadmium cover and is sensitive to thermal neutrons and the boron content of the water
in the spent fuel pool. The polyethylene cylinders containing the detectors are inserted
into the polyethylene outer cover shown in Figure 1-3. The epithcrmal detectors
provide the primary data used in the FORK technique. In the original (IAEA)
application, the thermal neutron detectors were used to check the variation of the boron
content among the spent fuel pools at different locations. In the present use, the
thermal detectors serve as a back-up measurement to the epithermal data. The system
is diagrammed in an operational arrangement in Figure 1-4. The detector is moved in
the storage pool to the location of the spent fuel assembly to be examined. The detector
head is positioned several feet above the top of the storage rack so that the radiation
shielding provided by the water of the storage pool is adequate to ensure that the
measurement is not influenced by radiation from nearby assemblies. The assembly is
raised in the storage rack so that its midpoint is located at the detector head, the
detector is moved into contact with the assembly, and the neutron and gamma-ray data
are collected for 100 seconds. A burnup profile can be obtained by performing the
measurements at various points along the length of the assembly. A battery-powered
electronics unit and microprocessor are used to supply all power to the detectors, collect
and analyze the detector outputs, and perform necessary calculations and
documentation.

1-4



Figure 1-2

Fork Detector and Control Electronics
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VERIFICATION TESTING AT OCONEE NUCLEAR
STATION

Oconee Fuel

Oconee Nuclear Station is a three unit generating site utilizing Babcock and Wilcox 2568
MW (thermal) Pressurized Water Reactors. Duke Power Company began commercial
operation on the site in 1973, The FORK measurements were performed in the sBpent
fuel storage pool that serves Units 1 and 2. The spent fuel assembly design is a Babcock
and Wilcox 15 x 15 array that accepts separate control components such as control rods,
burnable poison rods, and neutron source rods. Each assembly contains 208 fuel rods
and 16 guide tubes  The maximum cross section is 8,54 inches, and overall length is

165 6 inches. The nominal uranium weight is 464 kilograms.

Procedure

The FORK detector was suspended from a moveable carriage on the fuel handling
bridge over the spent fuel pool. The demineralized water in the pool contained
approximately 2000 parts per million boron. The top of the storage rack is about 25 feet
below the water level During testing, the fuel assemblies were lifted in the storage
racks by means of an auxiliary hoist mounted on the Steams-Rg%er fuel hmdlin‘?
bridge No assembly was completely removed fror the rack. The detector head was
fixed at a location about 6 feet above the top of the storage rack in the spent fuel pool.
The shielding provided by the 6 feet of water was adequate to produce the lowest
background reading Each selected assembly was raised in its rack until the detector
was at the center point of the asssembly. The detector was placed in contact with the
assembly, and data were accumulated for 100 seconds to ensure that more than 10,000
counts were obtained in the epithermal neutron detectors. The ion chamber (gamma)
current reaches its maximum value in about one second. The assembly was then
lowered back into its rest position in the rack. Background data (no raised assembly)
were taken each time the location of the detector was changed appreciably.

Results and Analysis

Ninety-three assemblies were measured in about 3 1 /2 working days of operation. The
initial enrichment of the assemblies ranged from 2.91 to 3.92 wei%ht rcent uranium-
235 The range in assembly average burnup was from 20.3 to 58.3 GWD/MTU. The
cooling times varied from 4 2 to 14 8 years. Background data were found in all cases to
be less than 1% of the signal from the assembly. Appendix A lists the data and analysis
values for all assemblies.

2-1



~ Vertfication Testing ar Uconee Nuclear Station

The approach used in the analysis described here is to accumulate data from a large
number of assemblies and generate an internal calibration by comparing each assembly
to the best derived fit to all the data. This self-calibration eliminates the uncertainties
that are introduced by external calibration techniques, while retaining the sensitivity to
detect measurements that are inconsistent with the burnup from the reactor records.

The neutron data were extrapolated back to the date of discharge using an exponential
factor of half-life 18 years, the half-life of the principal neutron emitter, curium-244. The
extrapolated data for the epithermal neutron detectors are shown in Figure 2-1, a log-
log plot of neutron signal versus burnup (reactor record) for each assembly. The data
are shown with and without a correction for the initial enrichment of the assemblies.
The relationship of the neutron signal to burnup d%nds on the initial enrichment since
curium-244 is produced by activation of uranium- rather than by fission reactions.
The "uncorrected data” (uncorrected for initial enrichment) for 91 assembly meas-
urements can be fit by a power law curve determined by a least squares fit such that the
average absolute deviation in burnup is about 10%. This would be the best fit to the
data if the initial enrichments were unknown. A factor to adjust the observed count
rates for the variation in initial enrichment among the assemblies was calculated as
described in Appendix B. The enrichment correction factor is normalized to an
arbitrarily chosen enrichment of 3.0 weight percent uranium-235. For the Oconee data,
the correction factor for initial enrichment varied from -7% to +53%.

The "Enrichment Corrected Data” are fit by the calibration curve shown in Figure 2-1,
for which the analytical expression derived from a least squares fit to the data is

N =C o B381 (eq. 1)

where N is the neutron count rate in counts per second, B is the burnup in GWD/MTU,
and C is a fitted constant whose value is 0.000788. The neutron signal is proportional to
the 3.81 power of the burnup. This value closely matches the values observed in earlier
operations with the FORK system. With the enrichment correction applied, the data
have an average absolute deviation in burnup from the calibration curve of about 2.2%.
Among the 91 assemblies fit by the calibration curve, only one assembly deviated by
more than 6%

The two data points marked ‘Outliers-Not Explained” in Figure 2-1 indicate two
assemblies that exhibited much higher :ieutron signals than expected from the burnup
records. These two data were not included in fitting the calibration curve. Both sets of
neutron detectors indicated anomalous data for these two assemblies, but the
corresponding gamma signals were not anomalous. The anomalies were noted at the
fime of measuremeni and the assemblies were remeasured with the same results. Since
the objective of this operation was to build a substantial database of measurements with
the FORK detector, it was necessary to measure as many assemblies as possible in the

L
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Neutron Data and Calibration

time available, no further measurements were made on the anomalous assemblies.
Subsequent examination of the reactor records and histories for these assemblies did not
reveal any explanation for the anomalous results. The two anomalous assemblies
would require further study in a verification exercise to thoroughly eliminate the
possibility of an instrumentation problem.

Figure 2-21s a plot of the %amma-ray signal for each assembly divided by its burnup
versus the cooling time. If the gamma-ray signal were due solely to fission products
(like cesium-137), there ideally would be a single value for each cooling time. The
average deviation from the mean value of the data at each cooling time is about 15%.
Since the neutron data is a far more sensitive indicator of burnup, the gamma-ray data
is used only as a general confirmation of cooling time and burnup. The batch discharge
of spent fuel assemblies is evident in this display from the clustering of data around
certain cooling times. The two assemblies that produced the lowest gamma-ray
readings at about 1900 days cooling time did not produce anomalous neutron data and,
for purposes of this exercise, were not considered to be significant deviations.

To investigate the capability of the FORK detector to measure the variation of burnup
along the length of an assembly (burnup profiles), measurements were performed at
several locations on two assemblies. The locations of the measurements were not
determined precisely, but were approximately midway between structural bands on the
assemblies. The gamma-ray data are shown in Table 2-1. The results are similar to
other PWR profiles

2-3
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Table 2-1 Gamma-Ray Data

inches Above Midpoint Relative Gamma Signal
(approx.)
0 221 246
21 220
42 200 229
63 109
Burnup (GWD/MTL') 2042 32.70

Utility Comments

In general, the FORK detector performed ?uite well and proved relatively easy to set up
and operate It could provide an acceptable means for verifying burnup of fuel
assemblies before loading into a burnup credit cask or canister. Measurements should
be used to screen for gross errors in reactor records, such as inadvertently assigning the
burnup of one assembly to another. Qualification of a fuel assembly for (oading should
be based on the verified reactor records for burnup since the records are likely to have
less uncertainty than the measurement’. While the equipment is simple and straight-
forward when used by itself, its use could potentially interfere with loading operations
if measurements were pertormed at the time of cask or canister loading. The preferred
mode of nperation, if 100% verification is required, would be to verify a large number of

24



Vertfication Testing af Oconee Nuclear Station

assemblies in a single campaign and to administratively control access to qualified
assemblies until the loading operation. The loading operation could then proceed
efficiently without interruption or delay for measurements and decisions. An example
of one possibility of administrative control would be to physically segregate qualified
assemblies in a specia. section of the spent fuel pool. Some utilities may prefer to have
the verification campaign performed by a certified vendor rather than to commit utility
resources and personnel to an additional training, certification, and maintenance
program specifically to perform the measurements. Additionally, site-specific safety
reviews should be completed in advance of the campaign and the utility should be
assisted in specifying the radiation dose to the FORK operator, including worst case
scenarios. A number of specific recommendations concerning operations, interfaces,
shielding, radiation protection, decontamination, etc., have been noted and will be
integrated into further tests of the FORK system.

T'J
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CONCLUSIONS

The FORK measurements correlated well with the Oconee reactor records. The average
Geviation of the reactor burnup records from the calibration was 10% without
corrections for initial enrichment and 2.2% with corrections. The derived calibration
indicated that the neutron signal was proportional to the burnup raised to the 3.81
power. The gamma-ray signals were in general agreement (15%) with the burnup
records. Ninety-three assemblies were measured in about 3 1/2 days of operation in the
spent fuel pool. Two anomalous assemblies were detected that produced much higher
neutron signals than the burnup would explain. In a verification campaii\ these two
assemblies would require further study or be excluded from the acceptable fuel. The
system is capable of generating burnup profiles with very short measuring time. The
effectiveness of the FORK system is due to the sensitivity of the epithermal neutron
yield to burmup, the self-calibration generated by a series of measurements, and the
redundancy provided by three detection systems. The system proved to be compatible
with utility operations, and appears to be adequat- .0 verify reactor records for
assemblies to be loaded into burnup credit casks.

Acknowledgments

The authors appreciate the essential help of the staff at Oconee Nuclear Station and
Duke Power Company in the training, planning, and execution of this operation.
Sandia National Laboratories managed the project with the sponsorship of Sandia's
Laboratory Directed Research and Development Program (discretionary funds). Los
Alamos National Laboratory made availavle a FORK 55 stem and the experienced
personnel to operate it. The Electric Power Fesearct: Institute (EPRI) sponso~ed the
utility measurement and publication programs. Duki Power Company made its
facilities and personnel available in support of the EPXI proposal to perform the
measurements.

3-1



REFERENCES

-—

" C.V.Parks, ed., SCALE: A Modular Code System for Performing Standardized

Computer Analyses for Licensing Evaluation,” NUREG /CR-0200, vols. 1-3,
revision 3, Oak Ridge National Laboratory (1984).

T L Sanders. R M. Westfall, R. H. Jones, "Feasibility and Incentives for the
Consideration of Spent Fuel Operating Histories in the Criticality Analysis of Spent
Fuel Shipping Casks,” Sandia Report SAND87-0151, Sandia National Laboratories
(1987).

E. R Johnson Associates, ‘The Incentives and Feasibility for Direct Measurement of
Spent Nuclear Fuel Characteristics in the Federal Waste Management System,”
ORNL/Sub/86-SA094/3, JAl-296, Oak Ridge National Laboratory (1988).

G. E Bosler and P. M. Rinard, "Burnup Measurements with the Los Alamos FORK
Detector Nuclear Materials Management, vol XX, p. 509, (1991).

P i Rinard, G Bi%nan, J. Capsie, J. Romeyer-Dherbey, "Comparison of the FORK
and Python Spent-Fuel Detectors,” Report LA-11867-MS, UC-700, Los Alamos
National Laboratory (July 1990).

W R Cobb and W ]. Eich, “A New Cell Depletion Code," Transactions of the American
Nuclear Society, vol. 24, p. 442 (1976).

T R England, W. B. Wilson, and M. G. Stamatelatos, "Fission Product Data for
Thermal Reactors,” Parts 1 and 2, Electric Power Research Institute report,
EPRI NP-356, Parts 1 and 2; also published as Los Alamos Scientific Laboratory
reports LA-6745-MS and LA-6746-MS, (December 1976).

W B Wilson, R.]. LaBauve, and T. R. Eng'and, "H.B. Robinson-2 Spent Fuel

Isotopics, Sensitivity Series 2," (T-2-1128), Los Alamos Scientific Laboratory memo to
John Phillips and Gerald Bosler (October 9, 1980).

R-1



APPENDIX A: ASSEMBLY AND FORK DATA

Columns 1 through 4 were obtained from the reactor records for the assemblies tested.
Column 1 is the assembly identification, column 2 is the initial enrichment, column 3 is
the average burnup in g.gawatt days per metric ton of uranium, snd column 4 is the
time interval between discharge from the reactor and the date of the measurement in
days. Column 5 is the observed epithermal neutron count rate in counts per second,
background subtracted. Column 6 is the observed thermal neutron count rate in counts
per second, background subtracted. Column 7 is the epithermal data of column 5

extrapolated to the date of discharge ( eAT, A = 0.0001048 d-1, T = data of column 4)
using the 18 year half-life of curium-244, and is the "uncorrected (for enrichment) data"
of Figure 2-1. Column 8 is the correction factor for initial enrichment described in
Appendix B. Column 9 is the epithermal neutron count rate of column 7 multiplied by
the factor of column 8, and is the "corrected data” of Fig-ire 2-1. Column 10 is the
burnup value determined from the calibration line, which is derived from the best fit to
the data of column 9. Column 11 is the absolute deviation (in percent) of the burnup
determined from the calibration (column 10) and the reactor record burmup (column 3).
Column 12 is the observed gamma (ion chamber) signal in milliamperes. Column 13 is
the gamma signal divided by the burnup of column 3, and is plotted in Figure 2-2.
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APPENDIX B: ENRICHMENT CORRECTION FACTOR

In the analysis of the neutron data the assumption is made that the source of the
neutrons is the curium-244 in the assemblies. To adjust for the decay of curium-244
after discharge from the reactor, the observed neutron counting rates are extrapolated to
the date of discharge using the 18 year half-life of curium-244, as described in Appendix
A An additional correction factor is needed because the neutron emission rate at a

iven burnup depends on the initial enrichment of the assemblies. This is due to the
%act that the production of curium depends on the neutron flux in the reactor, rather
than solely on the fission rate. The relationship between the production of curium and
the burnup deperds on the initial enrichment of the asseinblies and the burnup. To
adjust the observed neutron data for this dependence, an enrichment correction factor is
applied to the extrapolated neutron count rates. The factor is determined from
calculations of the production of curium-244 corresponding to the initial enrichment
and burnup of the assembly. Curium Froduction calculations were obtained using a
combination of the EPRI-CELL® ur.d EPRI-CINDER” codes. The calculations were
validated by comparison to destructive chemical analysis of spent fuel from the H. B.
Robinson reactor.® The curium-244 prodnction calculations that were used in
determining the initial enrichment correction are plotted in Figure B-1. The relative
production rate for curium-244 is shown as a function of burnup for a family of curves
covering the initial enrichments of interest in this report. Since the neutron data for
each assembly are multiplied by a correction factor, only relative values are required.
For convenience the factors are normalized (=1) at an enrichment of 3.0 weight percent
uranium-235. The correction factor for an assembly of a given burnup, taken from the
reactor records, is cefined as the ratio of the curium production at an enrichment of
3.0 weight gercem divided by the curium production at the initial enrichment of the
assembly Values between the curves are interpolated using standard routines. The
enrichment correction factors are listed for each of the Oconee assemblies in
Appendix A, column 8,
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