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Technical Development on Burn-up Credit for Spent LWR Fuels

(Eds.) Yoshinori Nakahara, Kenya Suyama* and Takenori Suzaki™
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(Received September 21, 2000)

Technical development on burn-up credit for spent LWR fuels had been performed at JAERI since
1990 under the contract with Science and Technology Agency of Japan entitled ‘Technical Development on
Criticality Safety Management for Spent LWR Fuels.” Main purposes of this work are to obtain the
experimental data on criticality properties and isotopic compositions of spent LWR fuels and to verify burn-
up and criticality calculation codes. In this work three major experiments of exponential experiments for
spent fuel assemblies to obtain criticality data, non-destructive gamma-ray measurement of spent fuel rods
for evaluating axial burn-up profiles, and destructive analyses of spent fuel samples for determining precise
burn-up and isotopic compositions were carried out. The measured data obtained were used for validating
calculation codes as well as an examination of criticality safety analyses. Details of the work are described
in this report.
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1. GENERAL

1.1. Introduction

Spent fuel management is costly work for all nuclear power plant operators. Spent fuels must be
managed, whatever policy is selected for the back end of a nuclear fuel cycle. Up to the present,
135,000 tHM or more of 210,000 tHM of spent fuels carried away from nuclear power plants are stored in
nuclear reactor pools and wet- and dry-mode storage facilities outside the nuclear reactor sites throughout the
world. In general, there is a need to cut the cost of power generation. One conceivable possibility of cutting
down nuclear fuel costs is to bring burnup credit into spent fuel management systems, and in fact burnup
credit is already authorized in many countries and applied to transport systems, dry/wet-mode storage
facilities, and reprocessing plant facilities. The introduction of burnup credit is also thought to be needed for
final spent fuel disposal sites:

The introduction of burnup credit into the storage and transport of spent fuels is needed for various
reasons that differ from country to country, such as to make it possible to handle fuels with higher
enrichments than in the past in current storage, transport, or reprocessing plants, to increase storage capacity
by decreasing the interval between the fuels in a spent fuel storage system, or to decrease the number of
shipments by making a new cask with larger capacity than that of the current casks in spent fuel transport
systems.

For burnup credit to be applied to spent fuel management systems, the precision of criticality
calculation must be grasped with accuracy, which can be maintained satisfactorily in practical use, on
nuclides with large contributions to the reactivity of spent fuels into which burnup credit is introduced.
Accordingly, when compared with the case of a new fuel which has been employed so far, various new
problems that must be considered in criticality safety analysis arose for implementing burnup credit, such as
(1) establishment of appropriate isotopic sets, (2) assessment of adequacy of the burnup calculation codes
used, (3) assessment of adequacy of criticality calculation codes, (4) determination of irradiation history
related to the assessment of the effect of reactivity in the axial/radial directions, (5) determination of required
minimum burnup (usually a function of initial enrichment), and (6) validation of the burnup of an assembly
before being conveyed into a spent fuel management system. The effect of burnup credit application
increases or decreases, depending on the degree of accuracy of these parameters.

1.2. Outline of the Work

Nuclear power generation by the present mainstream light-water reactors now involves higher
burnups and higher enrichments, and their operation is expected to continue for some time into the future.
These advancements involving the fuel greatly change the nuclide compositions of the TRUs and FPs in a
spent fuel. Since these changes largely affect criticality, shielding, and heat assessments, a burnup
calculation code for evaluating the nuclide compositions in a spent fuel with high accuracy needs to be
established. Furthermore, a criticality calculation code of high accuracy is also needed to evaluate the
reactivity of light-water-reactor spent fuels.

However, measured data on spent fuels necessary for the evaluation of the accuracy of these
calculation codes are extremely scarce, thus there is a pressing need to obtain measured data by experiments
using actual spent fuels.

It is critical to enhance the economy and safety of spent fuel management in the future by evaluating
and improving the accuracy of burnup calculation codes and criticality calculation codes, enabling criticality



safety design with consideration of the burnup in transport and storage facilities, and ensuring a safety
margin related to shielding and heat.

The present "technical development on criticality safety management for light-water-reactor spent
fuels" carried out the following projects over 10 years from 1990 to 1999 with the goal of developing safety
management techniques concerning criticality, shielding, and the heat of spent fuels with the burnup taken
into consideration in order to enhance the safety and economics in the storage and transport of spent fuels,
and in more concrete terms, with the focus on obtaining measured data of high accuracy on the nuclide
compositions and criticality of spent fuels, which are indispensable for the research/development of burnup
credit.

1. Experimental Data Acquisition

(1) Acquisition of axial y-ray radioactivity ratio data from spent fuel rods
(2) Acquisition of nuclide composition data from spent fuel samples
(3) Acquisition of criticality data from spent fuel assemblies

Evaluation of the Accuracy of Burnup Calculation Codes

Validation of Criticality Calculation Codes

Examination of Burnup Estimation Methods
Examination of Safety Margin

ook wn

An outline of the contents of the work is shown in and annual plans in The
contents of the work were carried out each year after having being examined and assessed at the “specialized
sectional committee on technical development on criticality safety management for light-water-reactor spent
fuels,” which is made up of people of experience or academic standing. A list of names of members of the
specialized sectional committee and the “overall evaluation working group” is shown in and

The present overall evaluation report is a summary of the main features of the above-mentioned
work.

1.3. Outline of the Features
1.3.1. Acquisition of Experimental Data

(1) Gamma Scanning Measurement of Spent Fuel Rods

At the JAERI fuel examination facility, axial y-ray scanning measurement was carried out on PWR
spent fuel rods (18 rods : 2 assemblies) and BWR spent fuel rods (13 rods : one assembly). The instruments
used for these measurements included a Ge-BGO detector with high counting rate (300 kcps) characteristics
and a pulse-height analyzer, and a spent fuel y-ray measuring system made up of a computer for monitoring
the automatic measurements and for analysis of the y-ray spectra (software: AUGASS-SF [Automatic
Gamma Spectrometry System for Spent Fuel]). For the analysis of y-ray spectra, the BOB code was used
which calculates radioactivity ratios (Bg/Bq) by preparing relative detection efficiencies by the internal
standard method. Scanning measurements of the spent fuel rod were carried out at intervals of 4—40 mm
over the entire length of the fuel rod (stepwise measurement), and the ratio of radioactivity (Bg/Bq) of
various nuclides, e.g., 134¢Cs, %Ry, "*Eu, 'Sb, and '"“Ce, to *'Cs at respective measurement locations was
determined. These results were used for evaluating the characteristics of radioactivity ratio profiles of spent



fuel rods, evaluating axial burnup profiles, and moreover evaluating the burnup and composition of spent
fuel assemblies to be used for criticality calculation.

(2) Radiochemical Analysis of Spent Fuel Samples

With the object of measuring the nuclide composition and burnup of light-water-reactor spent fuels,
the elements of collected samples were separated by the anion exchange separation process; o-ray and y-ray
spectra were measured; and analysis by mass spectrometry was carried out. Destructive analysis started in
1995 and a total of 34 samples were analyzed by 1999. These samples were cut out of spent fuel elements
(NT3G23, NT3G24) from the Kansai Electric (Ltd.) Reactor No. 3, Takahama Nuclear Power Station, and
from a fuel element (DN23) used in Tokyo Electric (Ltd.) Reactor No. 2, Fukushima No. 2 Nuclear Power
Station.

The analysis target elements were U, Np, Pu, Am, Cm, and some FP elements starting with Nd.
Furthermore, we thought that Sm elements are also important from the standpoint of evaluating criticality
safety because they account for about 25% of the proportion of neutron absorption by all FP nuclides, and so
we began the analysis of their compositions in 1997.

The results obtained by destructive analysis are summarized as the nuclide composition (number of
atoms/initial heavy element) at the end of irradiation of the fuel for each sample together with the calculated
results of the burnup rate (degree) by the Nd-148 method.

(3) Exponential Experiments on Spent Fuel Assemblies

Exponential experiments were conducted on three PWR fuel assemblies and one BWR fuel assembly
in the pool of the JAERI fuel examination facility, and the axial exponential decay constant y was measured.
This y is a quantity that gives the criticality characteristics of a fuel assembly, and it can be used for the
validation of criticality calculation codes through the reproducibility of the y of analytical calculation.
Furthermore, if the vy related to the fundamental mode is measured, the effective neutron multiplication factor
ke of an infinite-length assembly having a configuration and a composition in the y measurement region can
be estimated by 1 — l/keyr = —Kyz. However, the buckling coefficient K of reactivity is difficult to measure
in the subcritical state, so its calculated value must be used.

Experimental values of y are values in a region where the burnup in the axial direction of an
assembly is nearly constant. The value of y differs with the radial size, initial enrichment, and burnup of an
assembly. Moreover, y increases from the top to the bottom in the BWR assembly, and this result is thought
to be due to the difference in the accumulated amount of plutonium due to a void profile. These measured
values of y are compared with the results of criticality analysis calculation shown in

1.3.2. Validation of Burnup Calculation Codes

The destructive test data obtained at the present special committee were analyzed to examine
ORIGEN2 and SWAT.

In analyses using ORIGEN?2, the incorporated library which has been used in the past and a library
based on JENDL-3.2 were used. As a result, it was ascertained that the calculated values of U and Pu were
better by analyses using the new library based on JENDL-3.2 than by analyses using the former incorporated
library (PWR-UEPWR-US50) thought to be suitable for the analysis of PWR-UO, fuel destructive test data,
and it was shown that the difference between the experimental values and calculated values is within 5%.
In the case of BWR fuel also, the accuracy of analysis was similarly better with the library based on
JENDL-3.2, and it was shown that the difference between the experimental values and calculated values is

3



within 10% with respect to the amounts of major U and Pu. However, it was shown that, with regard to
Pu-238 and Cm-244, the calculated values are about 20% smaller than the experimental values when using
the library based on JENDL-3.2.

Analyses using SWAT showed that the difference between the calculated values and experimental
values is 5% in the PWR-UO, fuel, and 10% in the BWR-UQO, fuel with regard to major U and Pu.
Furthermore, the dispersion of the C/E for each sample was smaller than in analyses with ORIGEN2, and the
dispersion of the ratios of the calculated values to the experimental values was 3% or less except for Pu-238.
This is because calculation by SWAT can take the axial distribution of void ratios into consideration. The
changes in the calculations with the fuel temperature history and the power history as parameters were small,
and in particular the effect of the former was 2% at maximum. This fact indicates that the established values
for the fuel temperature and power history used in the present analyses were appropriate.

1.3.3. Validation of the Criticality Calculation Codes

The criticality calculation codes were validated by analyzing the exponential experiments using the
four spent fuel assemblies shown in The fuel composition necessary for validating the criticality
calculation codes was determined by combining the y-ray scanning measurement results of the
nuclide composition analysis results of and the burnup calculation results of In the
analysis, JENDL-3.2 was used as the nuclear data library; group constants were prepared by SRAC; and the
diffusion calculations were done using CITATION. The calculated results agreed with the measured values
of the exponential decay constant y with differences within 3%, and the criticality calculation codes were
found to have adequate accuracy.

1.3.4. Examination of the Burnup Estimation Methods

(1) Evaluation of the Axial Burnup Profiles of Spent Fuel Rods Based on Measured Data

The relationships between two radioactivity ratios, i.e., 34Cs/¥Cs and (134Cs/137Cs)2/(106Ru/137Cs),
and burnup were examined based on the measured data of FP radioactivity ratios and burnup obtained by the
nondestructive y-ray scanning measurement of PWR/BWR spent fuel rods and the destructive analysis of cut
samples. As a result, it was found that the relationship between '**Cs/"*’Cs and burnup is nearly linear, and is
affected very little by the type of fuel (UO, fuel and UO,—Gd,0O; fuel), but instead depends on the initial
enrichment and irradiation cycle. On the other hand, the relationship between (**Cs/ 137Cs)z/(I%Ru/ ¥7Cs) and
burnup is practically unaffected by the initial enrichment and irradiation cycle, and this ratio was found to
have excellent properties as an FP radioactivity ratio for the evaluation of burnup. However, both
radioactivity ratios depend on the neutron spectrum and are affected strongly by spectral changes due to
differences in the void ratios, especially in BWR fuel. In the present evaluation, the relationship between the
radioactivity ratio and burnup with consideration of the void ratio (fuel rod position) was determined, and a
burnup evaluation method from only measured radioactivity ratios including '**Eu/"*’Cs was also examined.
Furthermore, the axial burnup profiles of both PWR and BWR spent fuel rods were evaluated by using
burnup evaluation equations (empirical equations) for PWR/BWR that were constructed on the basis of
experimental data.

(2) Effect of Irradiation Parameters on the Relationship Between Burnup and Radioactivity Ratio

Burnup calculation by SWAT was carried out for PWR and BWR, and the sensitivity of the
relationships between burnup and three radioactivity ratios, i.e., Bcs/¥cs,  PBEw/'Cs, and
(134Cs/137Cs)2/(106Ru/137Cs), to parameters such as initial enrichment, power history, moderator boron
concentration (PWR), and moderator void ratio (BWR), was examined.



1.3.5. Examination of the Safety Margin

In the safety margin for changes in burnup was compared and examined for models of spent
fuel transport and middle storage casks which are close to those actually used, by comparing the criticality
analysis results from the measured nuclide compositions obtained by the present special committee by
destructive analysis of spent fuels actually irradiated in PWRs and BWRs, and the criticality analysis results
from the calculated nuclide compositions obtained by the ORIGEN2.1 burnup calculation code which is
usually used and the SWAT calculation code which enables detailed burnup analysis including changes in
environmental conditions during irradiation. The source terms for shielding and heat analysis were evaluated
by comparing and evaluating the changes in source strength calculated by ORIGEN2 with cooling time as a
parameter, based on the neutron strengths determined from measured nuclide compositions immediately after
cooling and the values of burnup calculated by ORIGEN2.1 or SWAT.

REFERENCES
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Proceedings of ICNC’99 held in Versailles, 20—24 September 1999, Vol. II, 576—-585.
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(i)  Manager of the Reactor Core and Fuel Group, Atomic Power Technology
Department, Tokyo Electric (Ltd.);

(G  T.Iwasaki;

(k)  Research Associate, Faculty of Engineering, Tohoku University;

(I) T. Tanzawa;

(m) Department Manager In Charge of Nuclear Reactor Technology, Toshiba
Atomic Power Technology Institute (Ltd.);

(n) T.Matsumura;

(o)  Atomic Power Systems Department, Central Research Institute of the
Electric Power Industry (foundation);

(p) Y. Yamane;

(@) Professor, Department of Engineering Research, Nagoya University;

(r) T. Yamamoto;

(s)  Professor Emeritus, Osaka University;

(t) listed in Japanese alphabetical order;

(u) Y. Nomura;

(v)  Head and Deputy Head of the Fuel Cycle Safety Evaluation Laboratory,
Department of Fuel Cycle Safety Research, Japan Atomic Energy Research Institute;

(w) K. Watanabe;

(x)  Group Leader, Analytical Science Research Group, Department of Environmental Sciences;

(y) T.Suzaki;
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(2)

(A)
(B)

©)
D)
(E)
F)
(&)
(H)

Deputy Chief Research Fellow, Reactor Physics Research Group, Department
of Nuclear Energy Systems;

K. Okumura;

Deputy Chief Research Fellow, Reactor Characteristics Research Laboratory,
Department of Nuclear Energy Systems;

Y. Nakahara;

Analytical Science Research Group, Department of Environmental Sciences;
M. Kurosawa;

Reactor Physics Research Group, Department of Nuclear Energy Systems;

K. Suyama; and

Fuel Cycle Safety Evaluation Laboratory, Department of Fuel Cycle Safety Research.
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2. EXPERIMENTS

2.1. Gamma-Ray Scanning Measurements of Spent Fuel Rods

2.1.1. General

At the JAERI fuel examination facility, axial y-ray scanning measurements were made of PWR spent
fuel rods (18 rods: 2 assemblies) and BWR spent fuel rods (13 rods: one assembly). The measurements
were made with measuring instruments such as a Ge-BGO detector with high counting rate (300 kcps)
characteristics and a pulse-height analyzer, and a spent fuel y-ray measurement system made up of a
computer (analytical section) for monitoring the automatic measurements and the analysis of the y-ray
spectra. The analysis of y-ray spectra used BOB code that calculates the radioactivity ratio (Bq/Bq) by
establishing the relative detection efficiency by the internal standard method. The scanning measurements of
spent fuel rods were carried out at intervals of 4—40 mm over the entire length of the fuel rod (stepwise
measurement), and the radioactivity ratio (Bq/Bq) of various nuclides, e.g., 34¢Cs, %Ry, By, *Sb, and
e, to P'Cs was determined at respective measurement locations. These results were used to evaluate the
characteristics of the radioactivity ratio profiles of spent fuel rods, to evaluate the axial burnup profiles, and,
moreover, to evaluate the burnup and composition of spent fuel assemblies to be used for criticality
calculation.

2.1.2. Gamma-Ray Measurement System for Spent Fuels

(1) System Configuration

shows the hardware configuration of the system. The measuring section consists of a
Ge detector, a Compton suppression device using a BGO (BisGe;0,) detector, amplifiers, a simultaneous
counting circuit, and a pulse-height analyzer. Furthermore, the analytical section consists of a computer
(DEC 3000, model 300) for carrying out scanning measurement control, data collection, and spectral
analysis, and its related peripheral devices. The measuring section is installed in the service area at the rear of
the By No. 1 cell at the JAERI fuel examination facility, and the analytical section is installed in an
operations room at the front of the cell; both are connected to the existing y-ray scanning system (fuel rod
driving system); and the axial profiles of the radioactivity ratios of a spent fuel rod are measured
automatically according to a predetermined sequence.

(2) Functions of the System

(1) A special feature of the measuring section is that it can make measurements at high counting
rates (about 300 kcps) with the use of a preamplifier and a main amplifier. Also, the Compton portion of a
spectrum can be decreased to about 1/8 by Compton suppression with the BGO detector. These measures
reduce spectral analysis error.

(2) The analytical section carries out the measurements of y-ray spectra, the collection of spectral
data, and the analysis of the spectra by an automatic y-ray &)ectrometry system for spent fuels (AUGASS-SF,
Automatic Gamma Spectrometry System for Spent Fuel),”= by moving the fuel rod stepwise (in 4- or §-mm
steps) in response to a signal from the fuel rod driving system). In this way, analytical results are obtained
for the radioactivity ratio (Bq/Bq, e.g., >*Cs/"*'Cs) of a y-ray emitting nuclide at every measurement point of
the approximately 1,000 points per fuel rod length (which is about 4 m).
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The nuclides that can be measured and analyzed by this measurement system are >‘Mn, “Co,
%7 %Nb, '"Ru-'""Rh, '2Sb, *Cs, ¥'Cs, “Ce, "*Eu, 'Tb, and 110mAg. able 2.1.1| shows the decay data
for these y-ray emitters included in the AUGASS-SF.

(3) The BOB spectral analysis code

The BO]%3 analysis code was used for y-ray spectral analysis. This code calculates the area (counts)
of each photoelectric peak and the peak position (channel) with respect to the measured spectra and plots an
energy calibration curve and a detection efficiency curve. In the present y-ray scanning measurement, the
internal standard method based on FP nuclides emitted from the fuel being measured was employed for both
energy calibration and counting efficiency (relative). shows the decay data for the 4 FP nuclides
used in the internal standard method.

(4) Preparation of the relative detection efficiency curve based on the internal standard method
The detection efficiency by the internal standard method was calculated by the following procedure:

(a) First, the initial radioactivity strength values for the 4 nuclides shown in [[able 2.1.2 are
given. For all the nuclides, these same values were used.

(b) The relative detection efficiency by energy of each nuclide is calculated from the initial
radioactivity strength value and the counts by energy of each nuclide (area of each peak
divided by its emission probability).

(c) A relative detection efficiency curve is plotted by fitting the above-mentioned detection
efficiencies versus the y-ray energy values of the respective nuclides using a 4th degree
polynomial on a logarithm versus logarithm scale by the method of least squares.

(d) The relative radioactivity strength of each nuclide is then calculated by using the efficiency
curve obtained.

(e) The initial value of (b) is replaced by the relative radioactivity strength obtained by (d), then
(b)-(d) are repeated.

shows the changes in the relative detection efficiency curve in the process (A — E) of
the above-mentioned successive approximation. A converged result can be obtained by 5 iterations, but a
10-iteration scheme was used for the present measurements. This internal standard method is performed for
each measured spectrum, and the radioactivity ratio can then be obtained for that particular spectrum.
Accordingly, the radioactivity ratio by spectrum (measurement point or measurement sample) can be
calculated as long as the object nuclides are present uniformly in the radial direction in the fuel, or this can at
least be assumed, even if the form and weight of a spent fuel differ within the field of vision during spectrum
measurement.

(3) Measurement Geometry and Collimator Visual Field

shows the geometry of a fuel rod, the collimators, and the measurement system involved
in the y-ray scanning measurements, and shows the arrangement and visual field of the collimators.
The y-rays from the spent fuel rod being measured in the By No. 1 cell of the JAERI fuel examination facility
reach the Ge detector behind the cell through 3 stages of collimators placed in shielding concrete behind the
cell. A second collimator (4 mm X 18 mm x 512 mm) located between a front lead collimator (18 mm ¢ X
375 mm) and a lead collimator (18 mm ¢ x 200 mm) just before the detector is an effective collimator
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The distance from the fuel rod to the detector is 1.64 m. The height of the second collimator
located in nearly the middle is 4 mm (main visual field), but y-rays corresponding to a height of 12 mm enter
the detector if obliquely incident rays are included. Furthermore, the total visual field in the width direction
is 18 mm or more, and a fuel 10-mm thick enters the visual field. Of the y-rays emitted from within this
range, those which have never undergone scattering while traveling from the fuel rod to the detector form
photoelectric peaks. Accordingly, the spreads of y-ray profiles other than these become Compton lines that
do not form y-ray peaks.

2.1.3. Measurement

The spectra were measured by moving the fuel rod at 4-mm or 8-mm intervals and scanning for 200—
2,750 seconds (real time) at each measurement point. Furthermore, the gain in the measurement was given by
the channel number = gamma-ray energy (keV).

[Tables 2.1.3 and 2.1.4 show the element name of the PWR and BWR spent fuel rods used in the
nondestructive measurements, the date of measurement, the average burnup of the fuel rod, the number of
points measured, and the measurement time per point (real time). [Figures 2.1.9 and P2.1.6 show examples of
measurement positions in the PWR and BWR fuel rods. Furthermore, the measurement start point is the grip
edge part, because a portion of the fuel rod is taken in the grip for clamping the fuel rod. In PWR fuel rods,
the grip edge is located at 20—25 mm from the top of the fuel rod. In BWR fuel rods, the grip edge is at
-10 mm from the top of the fuel rod, because a 10-mm adapter is attached. Furthermore, two of the rods
(2F2DN23-01,02) from the BWR fuel rods have been cut off at several points for other PIE tests, and are
thus missing some portions. To deal with this, the remaining fuel rod pieces were placed in an aluminum
case in the present y-ray scanning measurement process and then measured. Figures 2.1.7 and P.1.§ show the
measured locations on the fuel rod, and the arrangement of rod pieces in the Al case.

2.1.4. Results and the Corresponding Errors

(1) Results (Radioactivity Ratio)

Figure 2.1.9 shows an example of a y-ray spectrum profile and the peak identification results.
Eigures 2.1.10—2.1.40 show axial profiles of the activity ratios of s, "Ce, ?Eu, and '™Ru to 'Cs for
various fuel rods. Here, the value of each activity ratio is exactly the result of analysis of the y-ray spectra
obtained, and the effect on the activity ratio of migration in the pellet radial direction of cesium and the
emission of gases such as xenon are not taken into consideration.

Of the measured radioactivity ratios of the above-mentioned 4 nuclides and the '*Sb to *’Cs of each
fuel rod, the radioactivity ratio data for these nuclides at about 20 points extracted over the entire length of

the fuel rod are shown in [Tables 2.1.5-2.1.35. For some fuel rods, the data on **Ce with a short half life and
'Sb with a small fission yield were omitted in the tables because of large analysis errors.

Furthermore, all axial profile data of the radioactivity ratios were normalized at the end of
irradiation. Therefore, no correction was made for the decay in the reactor during the reactor operation.

(2) Radioactivity Ratio Error

The y-ray spectral data obtained at each measurement point were analyzed by BOB code, and peak
counts corresponding to the y-ray energy and its related error were obtained. This error includes a statistical
error in peak counts and a fitting error. The nuclides of the measured peaks were then identified on the basis
of the decay data for the 4 nuclides, i.e., 34¢cs, "Ce, "?Eu, and '"Ru, given in then a relative
efficiency curve and its related error were determined from the identified peaks. By using this relative
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efficiency curve, the quantity of radioactivity by the energy of each peak was calculated, and all FP nuclides
were identified on the basis of the decay data in [Table 2.1.1] The error for each peak involved was calculated
by the following equation:

2

2
(63 )Relative - \/(Gl )Relative + (62 )Relative (2 L. 1)
(O1)Relative: relative value of statistical error in peak counts and fitting error (%)
(02)Relative: relative value of error in relative detection efficiency (%)
(O3)Relative: relative value of error in the radioactivity of each peak (%)

With regard to '*’Cs with one peak, this error was given as the error in radioactivity of the nuclide.
Emission rate errors were not taken into consideration for any of the peaks.

With regard to nuclides with more than one peak, the radioactivity obtained by dividing the peak
counts by the emission rate was averaged by weighting over all peaks belonging to the nuclide under
consideration, and statistical processing, which discards peaks with more than 3 times the dispersion of the
mean value, was performed, and the final relative radioactivity of the nuclide was calculated. The error for
each nuclide associated with weighted averaging was calculated by the following equation:

Oy

(2.1.2)

radioactivity of the i-th peak
weighted mean of all peaks picked up
weight (1/6;)

error for the i-th peak

number of peaks picked up
error in radioactivity for each nuclide

The error in the ratio of the radioactivity of each nuclide thus calculated to the radioactivity of "*’Cs
was calculated by the following equation:

2 2
(05 Jretaive = \/ (O4)retuive + ©i137 o Relative (2.1.3)
(O4)Retative: relative value of error for nuclide i (%)
(o, 7. JRelative :  Telative value of error for B1Cs (%)
S
(O5)Relative: relative value of error for the (nuclide i)/(mCs) radioactivity ratio

able 2.1.36 shows examples of the various error components from (Gj)retaive tO (O5)Relative 1N
Egs. (2.1.2)—(2.1.3).
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(3) Comparison of Destructive Analysis Results and Nondestructive
Analysis Results

5-10 samples consisting of about 0.5 mm slices were collected from each fuel rod, namely, NT3G23-
04, 10, NT3G24-07, and 2F2DN23-01, 02, and subjected to precision chemical analysis. Tables 2.1.37 and
2.1.38 [sic; should be " and -- Tr. Ed.] show a comparison of the activity ratios
determined from the quantity of FP (absolute quantity of each nuclide determined by determining the
efficiency with a standard source) in a sample dissolved in nitric acid, and the activity ratio obtained by y-ray
scanning measurement for NT3G23-04 and NT3G24-10. Here, %Ru did not dissolve and was left as a
major component of the insoluble residue, and '*Sb was adsorbed on this insoluble residue and on the
dissolving flask, and about 10% stayed in the covering tube; so these were excluded from the comparison.

Furthermore, the y-ray scanning position (measurement position) is not always the same as the
sampling position for destructive analysis; thus, y-ray scanning data at measurement positions closest to the
sampling positions for destructive analysis were used.

PCs/Cs, *Eu/"'Cs, and "**Ce/"’Cs by destructive analysis and by nondestructive analysis are in
agreement within the margin of error at most points, but the destructive analysis values of '**Cs/"*'Cs,
Eu/¥Cs for NT3G23-04 are 7-8% larger in No. 03 (201 mm). This seems to be due to the difference
between the nondestructive measurement position and the sampling position for destructive analysis, the
former being shifted about 8 mm to the top side with respect to the latter, and being an area with a large slope
of burnup distribution.

2.1.5. Axial Distribution Characteristics of FP Activity Ratios

1) 13406/ g

"7Cs and '*Cs do not differ much in fission yield, as shown in Table 2.1.39 [sic; " --
Tr. Ed.]. Because of this, the formed amount of these nuclides is proportional to the neutral fluence
(burnup). Accordingly, the ratio of formed '**Cs (proportional to the square of the neutron fluence) by the
neutron capture of 33¢Cs to P'Cs, i.e., **Cs/™Cs, exhibits a linear relationship to the burnup in PWR fuels.
However, this relationship is affected by the initial enrichment and the power history, so corrections have to
be made for these parameters.

In BWR fuel rods, this ratio has a large value on the upper side with a higher void ratio and a lower
burnup (left-hand side in the figure), as shown in [Fig. 2.1.40f Furthermore, a small step can be seen at the
boundary with the natural uranium region where the initial enrichment changes, as shown in [Fig. 2.1.38

Furthermore, **Cs/'’’Cs increases near the boundary between the pellet and plenum in both the
PWR and BWR fuel rods, as shown in Figs. 2.1.1( and 2.1.30] The reason for this may be as follows.
Whereas the half life of the precursor nuclide *’Xe of ’Cs is 3.82 minutes, the half life of the precursor
nuclide **Xe of the nuclide '**Cs, which becomes the source of **Cs, is long, i.e., 5.25 days, and because of
this, its diffusion takes place more easily. Hence, the ratio increases in the plenum where xenon gas diffuses
more easily. In the AUGASS-SF analysis results, this increase in '**Cs/"*’Cs has appeared at both ends
(particularly the upper end) of the fuel rod, but it can usually be disregarded. In this case, there is no
proportionality of **Cs/"*’Cs to burnup, and thus attention must be paid to the measured values at both ends.
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Q) 15401 g

'**Eu is formed by neutron capture from 'Eu. The fission yield of these nuclides by the fission of
the prior nuclide plutonium can be more than twice that by *U-T (fission yield by the fission of *°U by
thermal neutrons), as shown in Table 2.1.36 [sic; " -- Tr. Ed.]. Since '**Eu is proportional to
the square of neutron fluence in much the same way as ">'Cs, it can be imagined that "*Eu/"*’Cs may be
proportional to burnup. However, *Eu has a large neutron capture area, and its outflow due to the (n, )
reaction during burning is large; thus, there are more problems with this nuclide than with **Cs.

As shown in the profile of "*Eu/"*’Cs in the PWR fuel has projections without the
indentations in the grid parts as seen in **Cs/"*’Cs. This seems to be related to the large capture area of *Eu
in the thermal region. In short, in the grid parts, burnup is lower (thermal neutron flux decreases) and "’Cs
has lower values, but "*Eu has relatively higher values because the outflow due to (n, y) reaction during
burning is controlled (thermal neutron flux decreases).

In the BWR fuel, the profile of **Eu/"*’Cs has larger values in the upper part of the fuel rod with
higher void ratios in much the same way as the profile of **Cs/"*’Cs, but the changes are greater over the
entire fuel rod, as shown in This can also be explained by the relationship between thermal
neutron flux and the capture reaction of "*Eu. In other words, the thermal neutron flux is relatively higher
(the value of '*'Cs is also higher) in the part (lower part) with higher burnups of the BWR fuel than in the
upper part, and on the other hand, the capture reaction of **Eu progresses further in this part. Therefore, the
*Eu/"’Cs ratio is thought to decrease.

(3) 106Ru/137cs

This fission yield of 'Ru to plutonium is more than 10 times larger than that to *’U-T
(Table 2.1.36) [sic; " -- Tr. Ed.]. The '“Ru/"Cs ratio increases in proportion to burnup in
much the same way as >'Cs/"*'Cs, and shows a convex profile, which is because the proportion of burning of
plutonium increases as the burnup increases. In the BWR fuel, a large step can be seen in the radioactivity
ratio in the natural uranium regions at both ends, as shown in In a fuel with low enrichment, the
burning of plutonium increases relatively, and '“Ru/"’Cs also increases. This is thought to affect the
evaluation of the burnup of fuels with different enrichments. In Gd-containing fuel, the radioactivity ratio is
higher, in spite of lower burnup than in uranium fuel, as shown in Figs. 2.1.16-2.1.18.| This is because the
burning of plutonium is more extensive.

@) 440a/1370g

"Ce forms by fission in much the same way as "*’Cs; thus, if there are no major changes in fission
yield, their ratio should be approximately 1 and the profile of the radioactivity ratio should be one horizontal
line. However, '“Ce shows the largest fission yield to *°U-T, and smaller fission yield values, i.e., roughly

0.7, to those other than ?’U-t (Table 2.1.36) [sic; "'[Table 2.1.37'] -- Tr. Ed.]. It can be seen that "“Ce/"*'Cs
is slightly concave-shaped at high burnup at the center of the fuel rod, as shown in Figs. 2.1.17 and 2.1.32]

This indicates that the contribution of plutonium burning is larger at higher burnup. In the PWR
fuel, this concavity is more pronounced. In Gd-containing fuel, the concavity is larger and the flat part lower
than in uranium fuel, as shown in Figs. 2.1.16 and 2.1.31] which indicates that the contribution of plutonium
burning is greater.
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The measured value of '*Sb includes about 10% of the contribution from the Sn of the covering
tube. The '*Sb of the FP existing in a little over 80% shows a large fission yield to plutonium, though not to
the extent of 'Ru. The profile is an approximately horizontal line and flat, but is slightly lower in uranium
fuel and slightly higher in Gd-containing fuel. Furthermore, in the BWR fuel, large steps can be seen in the
radioactivity ratio in the natural uranium regions at both ends, as seen in '“Ru/""’Cs. In a fuel with lower
enrichment, plutonium burning increases relatively, and '*Sb/"*’Cs also increases. This also is thought to
affect the evaluation of the burnup of fuels with different enrichments.
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Table 2.1.1. Decay data of fission products y-emitters in spent fuel
(Decay data of fission products in AUGASS-SF)

Nuclide Half life Ev, keV Py Nuclide Half life Ev, keV Py
Cs-137 30.07 y 661.66 0.8521 Ru-106 373.59 d 1988.44 0.000264
Ru-106 373.59 d 2112.54 0.000348
Cs-134 2.0648 y 475.36 0.01520 Ru-106 373.59 d 2366.04 0.000235
Cs-134 2.0648 y 563.27 0.08360 Ru-106 373.59 d 2405.96 0.000146
Cs-134 2.0648 y 569.30 0.15400
Cs-134 2.0648 'y 604.68 0.97630 Sb-125 27582 'y 176.33 0.06750
Cs-134 2.0648 'y 795.78 0.85500 Sb-125 27582 'y 380.44 0.01504
Cs-134 2.0648 'y 801.86 0.08670 Sb-125 27582 'y 427.90 0.29600
Cs-134 2.0648 y 1038.53 0.00987 Sb-125 27582 'y 463.38 0.10420
Cs-134 2.0648 'y 1167.89 0.01788 Sb-125 27582 'y 600.56 0.17610
Cs-134 2.0648 'y 1365.17 0.03005 Sb-125 27582 'y 606.64 0.05020
Sb-125 27582 'y 635.90 0.11230
Eu-154 8593 'y 123.14 0.41000 Sb-125 27582 'y 671.41 0.01788
Eu-154 8593 y 248.04 0.06950
Eu-154 8593 y 591.75 0.05000 Co-60 52714 'y 1173.24 0.99890
Eu-154 8593 'y 692.42 0.01810 Co-60 52714 'y 1332.50 0.99982
Eu-154 8593 'y 723.30 0.20280
Eu-154 8593 'y 756.88 0.04600 Ag-110m 249.79 d 446.81 0.03720
Eu-154 8593 'y 815.57 0.00528 Ag-110m 249.79 d 620.36 0.02802
Eu-154 8593 y 845.41 0.00589 Ag-110m 249.79 d 657.76 0.94510
Eu-154 8593 'y 873.21 0.12270 Ag-110m 249.79 d 677.62 0.10480
Eu-154 8593 y 892.75 0.00523 Ag-110m 249.79 d 687.02 0.06430
Eu-154 8593 'y 904.07 0.00915 Ag-110m 249.79 d 706.68 0.16660
Eu-154 8593 'y 996.35 0.10500 Ag-110m 249.79 d 744.28 0.04730
Eu-154 8593 'y 1004.79 0.18170 Ag-110m 249.79 d 763.94 0.22290
Eu-154 8593 y 1246.63 0.00870 Ag-110m 249.79 d 818.03 0.07330
Eu-154 8593 'y 1274.42 0.34900 Ag-110m 249.79 d 884.69 0.72700
Eu-154 8593 'y 1596.52 0.01820 Ag-110m 249.79 d 937.49 0.34380
Ag-110m 249.79 d 1384.30 0.24340
Ce-144 284983 d 133.52 0.11100 Ag-110m 249.79 d 1475.79 0.03990
Ce-144 284983 d 696.51 0.01342 Ag-110m 249.79 d 1505.04 0.13050
Ce-144 284983 d 1489.16 0.00278 Ag-110m 249.79 d 1562.30 0.01027
Ce-144 284983 d 2185.66 0.00694
Zr-95 64.02 d 724.20 0.44150
Ru-106 373.59 d 511.86 0.20600 Zr-95 64.02 d 756.73 0.54510
Ru-106 373.59 d 616.22 0.00762 Zr-95 64.02 d 765.80 2.20000
Ru-106 373.59 d 621.93 0.10030
Ru-106 373.59 d 873.49 0.00443 Tb-160 72.3 d 298.58 0.26640
Ru-106 373.59 d 1050.41 0.01574 Tb-160 72.3 d 879.38 0.30350
Ru-106 373.59 d 1062.14 0.000323 Tb-160 72.3 d 962.32 0.09720
Ru-106 373.59 d 1128.07 0.00408 Tb-160 72.3 d 966.17 0.25060
Ru-106 373.59 d 1194.54 0.000579 Tb-160 72.3 d 1177.95 0.14970
Ru-106 373.59 d 1496.33 0.000225 Tb-160 72.3 d 1199.89 0.02379
Ru-106 373.59 d 1562.25 0.00165 Tb-160 72.3 d 1271.88 0.07505
Ru-106 373.59 d 1766.25 0.000346 Tb-160 72.3 d 1312.12 0.02838
Ru-106 373.59 d 1796.94 0.000280
Ru-106 373.59 d 1988.44 0.000264 Mn-54 3123 d 834.84 0.9975

E v: Gamma-ray Energy (keV), P y: Gamma-ray Emission Probability (y /Disintegration)
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Table 2.1.2. Decay data for internal standard method

Nuclide Half life y-ray energy (keV) Emission probability (%)
Cs-134 2.065y 569.30 15.40
604.68 97.63
795.78 85.50
1167.89 1.788
1365.17 3.005
Eu-154 8.593y 123.14 41.00
723.31 20.28
996.35 10.50
1004.79 18.17
1274.42 34.90
Ce-144 284.89 d 133.52 11.10
696.51 1.342
1489.16 0.278
2185.66 0.694
Ru-106 373.59d 511.86 20.60
621.93 10.03
1050.41 1.574
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Table 2.1.5. Measured data of NT3G23-C3(KDO1) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
164 4.94E—-01 1.73E-02 1.35E+01 2.72E+00 6.02E—-02
(2.14) (1.95) (2.64) (2.01) (1.62)
364 1.04E+00 4.17E-02 1.24E+01 3.91E+00 7.00E-02
(1.14) (1.03) (1.82) (1.52) (4.88)
564 1.29E+00 5.32E-02 1.21E+01 4.56E+00 7.00E-02
(1.06) (0.76) (1.10) (1.08) (2.75)
764 1.49E+00 5.65E-02 1.27E+01 4.91E+00 7.14E-02
(1.02) (0.81) (1.30) (1.70) (3.97)
964 1.54E+00 5.89E-02 1.26E+01 4.99E+00 6.79E-02
(1.14) 0.91) 1.77) (1.35) (2.62)
1164 1.56E+00 5.98E-02 1.23E+01 4.90E+00 7.22E-02
(1.33) (1.15) (2.50) (1.23) (3.90)
1364 1.56E+00 6.08E—02 1.30E+01 4.93E+00 7.37E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1564 * 1.54E+00 5.85E-02 1.22E+01 4.83E+00 6.52E—-02
(0.86) (0.79) 0.74) (0.81) (0.84)
1764 1.56E+00 5.78E-02 1.18E+01 4.92E+00 7.01E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1964 * 1.48E+00 6.01E-02 1.24E+01 4.89E+00 7.05E-02
(1.32) (1.13) (1.69) (1.08) (1.10)
2164 1.55E+00 5.89E—-02 1.19E+01 4.93E+00 6.91E-02
(0.92) (0.89) (1.70) (0.90) (2.93)
2364 1.56E+00 5.91E-02 1.29E+01 4.80E+00 6.73E-02
(2.13) (2.16) (1.93) (2.15) (1.86)
2564 1.56E+00 5.79E-02 1.19E+01 4.98E+00 6.76E—02
(1.22) (1.06) (1.47) (1.56) (1.96)
2764 1.56E+00 5.85E-02 1.29E+01 4.96E+00 7.09E-02
(1.17) (0.94) (2.46) (0.96) (0.93)
2964 1.56E+00 5.95E-02 1.25E+01 4.93E+00 6.75E—-02
(1.74) (1.45) (3.88) (1.45) (2.37)
3164 1.54E+00 5.60E—-02 1.22E+01 4.94E+00 6.82E—02
(1.22) (0.98) (1.18) (1.39) (4.39)
3364 * 1.45E+00 5.59E-02 1.27E+01 4.81E+00 6.72E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
3564 1.30E+00 4.92E-02 1.30E+01 4.54E+00 6.96E-02
(1.36) (1.06) (2.10) (1.61) (4.65)
3764 7.48E-01 2.80E-02 1.40E+01 3.50E+00 6.46E-02
(1.12) (1.02) (1.09) (1.01) (1.09)
File ID KDO1
Comment G23-3, 8mmStep, 4mmColli.
Measurement date 1996/7/16
Decay correct date 1992/6/19
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Table 2.1.6. Measured data of NT3G23-A4(KCO03) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
233 7.59E-01 2.87E-02 1.34E+01 3.53E+00 6.81E-02
(0.78) (0.60) (0.97) (0.62) (0.98)
433 1.26E+00 4.87E-02 1.29E+01 4.53E+00 6.83E—-02
(0.93) (0.64) (0.64) (1.35) (3.17)
633 1.42E+00 5.41E-02 1.24E+01 4.74E+00 6.32E—-02
(0.96) (0.81) (1.16) (0.84) (3.84)
833 1.54E+00 5.81E-02 1.25E+01 4.96E+00 6.36E—02
(0.86) (0.66) (0.98) (0.95) (3.44)
1033 * 1.52E+00 5.90E—-02 1.22E+01 4.86E+00 6.49E-02
(0.87) (0.67) (1.47) (0.67) (0.69)
1233 1.59E+00 5.92E-02 1.23E+01 4.97E+00 6.44E-02
(0.73) (0.61) (0.95) (0.62) (2.57)
1433 1.59E+00 5.89E—-02 1.21E+01 5.00E+00 6.58E—02
(1.19) (0.87) (1.15) (1.54) (1.60)
1633 1.53E+00 5.67E-02 1.17E+01 4.79E+00 6.46E—02
(0.82) (0.81) (1.46) (0.84) (5.21)
1833 1.56E+00 5.79E-02 1.20E+01 4.98E+00 6.71E-02
(1.07) (1.01) (1.06) (1.99) (4.64)
2033 1.59E+00 5.84E-02 1.18E+01 4.99E+00 6.64E—02
(1.28) (1.02) (1.10) (1.71) (1.34)
2233 1.57E+00 5.77E-02 1.19E+01 4.88E+00 6.23E-02
0.77) (0.62) (0.65) (0.83) (3.40)
2433 * 1.50E+00 5.90E—-02 1.21E+01 4.85E+00 6.74E-02
(0.74) (0.63) (1.02) (1.24) (2.15)
2633 1.58E+00 5.80E-02 1.17E+01 4.93E+00 6.40E—-02
(0.93) (0.70) (1.42) (1.18) (3.606)
2833 * 1.54E+00 5.66E—02 1.18E+01 4.85E+00 6.44E-02
(0.87) (0.67) (0.81) (0.68) (3.03)
3033 1.55E+00 5.65E—-02 1.21E+01 5.00E+00 6.59E-02
(0.75) (0.75) (0.90) (0.77) (0.75)
3233 1.52E+00 5.52E-02 1.22E+01 4.88E+00 6.50E—-02
(0.71) (0.57) (0.78) (1.20) (1.95)
3433 1.43E+00 5.20E-02 1.22E+01 4.77E+00 6.68E—02
0.77) (0.67) (0.69) (0.67) 4.37)
3633 1.19E+00 4.46E-02 1.28E+01 4.34E+00 6.84E—02
(0.95) (0.69) (0.87) (1.64) (2.49)
File ID KCO03
Comment G23-4 8mmStep, 40mm test
Measurement date 1995/10/27
Decay correct date 1992/6/19
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Table 2.1.7. Measured data of NT3G23-C5(KD02) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
164 5.31E-01 1.81E-02 1.43E+01 2.84E+00 6.15E-02
(1.54) (1.47) (2.59) (1.84) (3.59)
364 1.08E+00 4.12E-02 1.35E+01 4.26E+00 7.06E-02
(1.18) (1.07) (1.55) (1.05) (3.48)
564 * 1.30E+00 5.11E-02 1.31E+01 4.75E+00 7.30E-02
(0.95) (0.78) (1.31) (1.09) (0.84)
764 1.45E+00 5.30E-02 1.20E+01 4.94E+00 7.21E-02
(0.81) (0.58) (0.81) (0.58) 4.11)
964 1.47E+00 5.61E-02 1.28E+01 5.00E+00 6.92E-02
(1.85) (1.95) (3.82) (1.80) (1.75)
1204 1.46E+00 5.36E-02 1.20E+01 4.88E+00 7.06E-02
(0.81) (0.58) (0.73) (1.16) (3.29)
1364 1.46E+00 5.41E-02 1.19E+01 4.88E+00 6.91E-02
(1.14) (0.85) (1.20) (1.78) (2.28)
1564 * 1.47E+00 5.49E-02 1.28E+01 4.86E+00 6.79E-02
(0.96) (0.97) (0.94) (0.90) (1.37)
1764 1.49E+00 5.48E-02 1.18E+01 4.84E+00 6.78E—-02
(1.68) (1.32) (3.41) (1.78) (1.55)
1964 * 1.40E+00 5.60E—-02 1.21E+01 4.71E+00 6.67E—-02
(1.48) (1.28) (3.13) (1.60) (5.46)
2164 1.48E+00 5.52E-02 1.22E+01 4.82E+00 7.14E-02
(1.39) (1.18) (2.66) (1.59) (1.64)
2364 * 1.47E+00 5.55E-02 1.26E+01 4.77E+00 6.50E—-02
(1.44) (1.20) (3.09) (1.18) (3.75)
2564 1.46E+00 5.23E-02 1.20E+01 4.86E+00 7.10E-02
(1.22) (1.17) (1.68) (1.17) (3.08)
2764 1.47E+00 5.40E—-02 1.30E+01 4.86E+00 7.24E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
2964 1.48E+00 5.50E-02 1.27E+01 4.74E+00 6.58E—02
(1.49) (1.16) (2.01) (1.10) (5.14)
3164 1.47E+00 5.40E-02 1.26E+01 4.79E+00 6.14E-02
(1.12) (0.86) (1.72) (1.62) (3.80)
3364 1.38E+00 5.15E-02 1.26E+01 4.75E+00 6.77E-02
(0.98) (0.71) (0.80) (1.33) (0.71)
3564 1.23E+00 4.58E—-02 1.27E+01 4.37E+00 6.94E-02
(0.86) (0.76) (0.75) (1.31) (2.02)
3764 6.85E-01 2.47E-02 1.40E+01 3.29E+00 6.14E-02
(1.54) (2.21) (1.53) (3.10) (1.75)
File ID KDO02
Comment G23-5, 8mmStep, 4mmColli.
Measurement date 1996/7/17
Decay correct date 1992/6/19
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Table 2.1.8. Measured data of NT3G23-A6(KDO03) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
164 4.97E—-01 1.57E-02 1.51E+01 2.81E+00 5.95E-02
(1.95) (1.65) (3.26) (2.58) (4.99)
364 1.05E+00 4.08E—-02 1.40E+01 4.27E+00 7.53E-02
(1.39) (1.50) (2.56) (1.27) (1.20)
564 1.26E+00 5.00E-02 1.32E+01 4.64E+00 7.41E-02
(1.10) (0.82) (1.41) (0.82) (3.55)
764 1.42E+00 5.42E-02 1.32E+01 4.96E+00 7.55E-02
(1.42) (1.32) (2.52) (1.71) (4.49)
964 1.44E+00 5.36E-02 1.28E+01 4.86E+00 6.73E-02
(1.19) (0.94) (1.12) (0.98) (6.24)
1164 1.45E+00 5.50E-02 1.31E+01 4.79E+00 6.90E-02
(0.79) (0.69) (0.68) (1.09) (4.90)
1364 1.45E+00 5.48E-02 1.35E+01 4.90E+00 7.19E-02
(1.21) (0.99) (1.25) (1.05) (1.66)
1564 * 1.44E+00 5.56E—-02 1.35E+01 4.84E+00 7.28E-02
(1.13) (0.80) (0.81) (1.15) (1.20)
1764 1.45E+00 5.48E-02 1.27E+01 4.76E+00
(1.25) (0.95) (1.10) (1.08)
1964 * 1.37E+00 5.46E—-02 1.25E+01 4.73E+00 7.55E-02
(1.35) (1.08) (1.23) (1.52) 0.97)
2164 1.45E+00 5.52E-02 1.29E+01 4.83E+00 7.46E—-02
(1.34) (1.11) (1.78) (1.05) (5.05)
2364 * 1.43E+00 5.29E-02 1.22E+01 4.75E+00 7.18E—-02
(1.08) (0.75) (1.31) (0.81) (3.30)
2564 1.46E+00 5.36E—-02 1.23E+01 4.91E+00 6.92E-02
(0.89) 0.67) (0.73) 0.97) (3.14)
2764 1.46E+00 5.38E-02 1.29E+01 4.76E+00 6.87E—-02
(0.86) (0.57) (0.57) (1.08) (2.29)
2964 1.47E+00 5.63E-02 1.36E+01 4.79E+00 6.98E-02
(2.11) (1.65) 4.13) (1.82) (1.90)
3164 1.44E+00 5.37E-02 1.34E+01 4.83E+00 7.10E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
3364 1.36E+00 5.12E-02 1.30E+01 4.82E+00 7.35E-02
(1.31) (1.10) (1.74) (1.60) (7.20)
3564 1.21E+00 4.49E-02 1.31E+01 4.46E+00 7.04E-02
(1.48) (1.13) (1.33) (1.12) (1.12)
3764 6.74E-01 2.29E-02 1.43E+01 3.31E+00 6.65E-02
(1.58) (1.54) (1.69) (2.24) (3.35)
File ID KDO03
Comment G23-6, 8mmStep, 4mmColli.
Measurement date 1996/7/18
Decay correct date 1992/6/19
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Table 2.1.9. Measured data of NT3G23-C7(KDO05) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
204 6.69E—01 2.52E-02 1.37E+01 3.36E+00 6.74E—-02
(0.99) (1.15) (1.28) (0.82) (1.54)
404 1.19E+00 4.64E-02 1.32E+01 4.43E+00 6.70E—-02
(1.15) (0.92) (1.48) (0.95) (1.54)
604 1.41E+00 5.31E-02 1.22E+01 4.70E+00 7.05E-02
(0.66) (0.45) (0.65) (0.77) (2.70)
804 1.50E+00 5.44E-02 1.24E+01 4.90E+00 6.80E—02
(0.62) (0.54) (0.67) (0.74) (3.60)
1004 * 1.51E+00 5.49E-02 1.25E+01 5.00E+00 6.85E—-02
(1.30) (1.07) (1.23) (1.66) (1.46)
1204 1.53E+00 5.54E-02 1.21E+01 4.87E+00 6.74E—-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1404 1.54E+00 5.55E-02 1.25E+01 4.81E+00 6.85E—-02
(1.08) (0.71) (1.25) (1.26) (0.77)
1604 1.53E+00 5.73E-02 1.23E+01 4.92E+00 6.79E-02
(1.41) (1.09) (2.25) (1.84) (1.59)
1804 1.53E+00 5.60E—-02 1.26E+01 4.83E+00 6.86E—02
(1.22) (0.96) (1.90) (0.96) (2.48)
2004 * 1.52E+00 5.62E—-02 1.21E+01 4.81E+00 6.84E—02
(0.84) (0.43) (0.70) (0.82) (1.33)
2204 1.54E+00 5.67E-02 1.20E+01 4.94E+00 6.85E—-02
(1.30) (1.01) (2.05) (1.76) (1.05)
2404 * 1.47E+00 5.71E-02 1.21E+01 4.72E+00 7.02E-02
(1.09) (0.82) (1.48) (1.09) (0.86)
2604 1.54E+00 5.69E—-02 1.21E+01 4.91E+00 6.80E—02
(1.48) (1.15) (2.86) (1.28) (1.59)
2804 1.52E+00 5.57E-02 1.23E+01 4.85E+00 6.67E-02
(1.16) (0.83) (1.15) (0.99) (1.38)
3004 1.53E+00 5.49E-02 1.19E+01 4.90E+00 6.79E-02
(1.12) (0.87) (1.56) (1.34) (1.08)
3204 1.50E+00 5.38E-02 1.24E+01 4.74E+00 6.81E-02
(1.01) (0.68) (0.97) (1.19) (0.72)
3404 1.42E+00 5.17E-02 1.23E+01 4.68E+00 6.91E-02
(0.67) (0.64) (0.62) (0.62) (5.00)
3604 1.21E+00 4.51E-02 1.29E+01 4.40E+00 6.99E-02
(0.82) (0.61) (0.72) (0.66) (1.22)
3804 5.83E-01 2.04E-02 1.42E+01 2.91E+00 6.15E-02
(0.82) (0.67) (0.75) (0.78) (5.77)
File ID KDO05
Comment G23-7, 8mmStep, 4mmColli.
Measurement date 1996/7/22
Decay correct date 1992/6/19
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Table 2.1.10. Measured data of NT3G23-A8(KDO06) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
204 6.53E-01 2.42E-02 1.35E+01 3.22E+00 6.65E—02
(0.00) (0.00) (0.00) (0.00) (0.00)
404 1.19E+00 4.67E-02 1.31E+01 4.28E+00 6.92E-02
(1.11) (0.92) (2.10) (1.18) (2.11)
604 1.44E+00 5.53E-02 1.23E+01 4.82E+00 7.17E-02
(0.84) (0.58) (0.94) (0.72) (2.19)
804 1.56E+00 5.94E-02 1.26E+01 4.99E+00 7.16E—-02
(1.36) (1.02) (1.96) (1.40) (2.06)
1004 * 1.58E+00 5.93E-02 1.27E+01 4.92E+00 6.74E-02
(1.09) (0.85) (1.86) (1.13) (3.37)
1204 1.58E+00 5.91E-02 1.25E+01 4.94E+00 7.17E-02
(0.83) (0.70) (0.88) (0.88) (1.31)
1404 1.60E+00 6.04E-02 1.28E+01 4.92E+00 7.01E-02
(1.28) (0.95) (2.22) (1.19) (1.24)
1604 1.57E+00 5.94E-02 1.26E+01 4.83E+00 6.88E—02
(1.26) (0.99) (2.27) (1.83) (1.08)
1804 1.59E+00 5.86E—02 1.18E+01 5.01E+00 7.18E—-02
(1.23) (1.05) (1.23) (1.14) (1.81)
2004 * 1.57E+00 5.90E-02 1.22E+01 4.97E+00 7.11E-02
(1.13) (0.85) (1.94) (0.83) (2.92)
2204 1.58E+00 5.77E-02 1.26E+01 4.99E+00 6.87E—-02
(0.98) (0.85) (1.37) (1.03) (1.76)
2404 * 1.53E+00 6.07E-02 1.29E+01 4.80E+00 6.88E—02
(1.41) (1.05) (2.85) (1.09) (4.84)
2604 1.58E+00 5.66E—02 1.24E+01 4.84E+00 6.68E—02
(0.91) (0.75) (0.78) (1.28) (1.57)
2804 1.56E+00 5.63E-02 1.24E+01 4.86E+00 6.80E—02
(0.75) (0.64) (0.78) (0.74) (2.34)
3004 1.59E+00 5.72E-02 1.28E+01 4.91E+00 6.91E-02
(0.86) (0.66) (1.41) (1.01) (0.85)
3204 1.55E+00 5.50E-02 1.28E+01 4.87E+00 7.17E-02
(0.68) (0.66) (0.66) (1.05) (0.85)
3404 1.47E+00 5.27E-02 1.26E+01 4.83E+00 7.00E-02
(1.04) (0.89) (0.87) (0.88) (3.16)
3604 1.25E+00 4.65E-02 1.32E+01 4.47E+00 7.12E-02
(1.18) (0.94) (1.58) (0.99) (2.90)
3804 5.75E-01 1.99E-02 1.45E+01 3.02E+00 5.96E-02
(1.00) (1.11) (0.88) (1.40) (2.13)
File ID KDO06
Comment G23-8, 8mmStep, 4mmColli.
Measurement date 1996/7/24
Decay correct date 1992/6/19

33




Table 2.1.11. Measured data of NT3G23-B10(KC04) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
202 5.12E-01 2.98E-02 1.58E+01 4.86E+00 9.34E-02
(1.20) (1.12) (1.56) (1.39) (1.28)
402 1.08E+00 5.00E-02 1.38E+01 6.06E+00 8.84E-02
(0.85) (0.71) (0.83) (0.82) (1.50)
602 * 1.32E+00 5.72E-02 1.30E+01 6.42E+00 8.57E-02
(1.10) (1.03) (1.10) (1.44) (1.14)
802 1.46E+00 5.97E-02 1.30E+01 6.61E+00 8.34E-02
(1.05) (0.78) (0.93) (1.13) (0.78)
1002 1.48E+00 6.08E-02 1.25E+01 6.69E+00 8.59E-02
(1.11) (1.02) (1.70) (1.12) (2.40)
1202 1.51E+00 6.16E—02 1.25E+01 6.55E+00 8.25E-02
(1.01) (0.94) (0.95) (1.66) 2.71)
1402 1.48E+00 6.07E-02 1.26E+01 6.58E+00 8.64E-02
(1.01) (0.96) (1.14) (1.40) (1.66)
1602 1.49E+00 6.11E-02 1.23E+01 6.55E+00 8.37E-02
(1.02) (0.72) (0.92) (1.35) (3.51)
1802 1.50E+00 6.10E—-02 1.29E+01 6.51E+00 8.30E-02
(0.98) (0.76) (0.85) (1.24) (0.89)
2002 * 1.46E+00 6.08E—02 1.27E+01 6.43E+00 8.32E-02
(1.01) (0.81) (0.83) (1.38) (0.93)
2202 1.50E+00 5.89E—-02 1.28E+01 6.55E+00 8.39E-02
(0.99) (0.85) (0.98) (1.52) (0.86)
2402 * 1.46E+00 6.15E-02 1.27E+01 6.37E+00 8.08E-02
(0.91) (0.73) (0.70) (1.15) (3.68)
2602 1.49E+00 5.90E—-02 1.24E+01 6.52E+00 8.09E-02
(0.87) (0.78) (0.86) (1.20) (3.12)
2802 1.49E+00 5.99E-02 1.28E+01 6.53E+00 8.17E-02
(1.11) (0.83) (1.21) (1.60) (2.88)
3002 1.46E+00 5.77E-02 1.25E+01 6.57E+00 7.99E-02
(1.04) (0.95) (1.04) (1.09) (1.21)
3202 1.47E+00 5.85E-02 1.24E+01 6.53E+00 7.67E-02
(1.04) (0.69) (0.82) (1.29) (0.76)
3402 1.38E+00 5.57E-02 1.30E+01 6.44E+00 8.49E-02
(0.90) (0.86) (0.88) (1.68) (1.66)
3602 1.15E+00 4.92E-02 1.36E+01 5.98E+00 8.42E-02
(0.85) (0.63) (1.09) (1.36) 4.31)
3802 5.02E-01 2.76E-02 1.66E+01 4.67E+00 9.13E-02
(0.97) (0.90) (0.90) (0.91) (4.34)
File ID KC04
Comment G23-10, 8mmStep, 40mm
Measurement date 1995/10/30
Decay correct date 1992/6/19
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Table 2.1.12. Measured data of NT3G23-D11(KD04) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
204 5.18E-01 3.17E-02 1.69E+01 4.90E+00 8.55E-02
(0.73) (0.75) (1.22) (0.78) (1.38)
404 1.04E+00 4.83E-02 1.43E+01 5.91E+00 8.58E-02
(0.89) (0.75) (0.80) (0.82) (2.33)
604 1.27E+00 5.63E—-02 1.37E+01 6.22E+00 8.22E-02
(0.69) (0.55) (0.54) (1.41) (0.56)
804 1.39E+00 5.88E-02 1.32E+01 6.49E+00 8.43E-02
(0.86) (0.70) (0.81) (1.07) (0.91)
1004 1.41E+00 6.01E-02 1.31E+01 6.54E+00 8.44E-02
(1.15) (1.03) (1.12) (1.83) (1.17)
1204 1.42E+00 5.98E-02 1.30E+01 6.42E+00 8.19E-02
(0.63) (0.68) (0.90) (0.58) (1.00)
1404 1.42E+00 5.85E-02 1.31E+01 6.41E+00 8.53E-02
(1.09) (0.79) (0.84) (0.79) (1.08)
1604 1.41E+00 5.82E-02 1.27E+01 6.43E+00 8.14E-02
(1.12) (0.87) (1.20) (1.60) (1.92)
1804 1.42E+00 5.94E-02 1.27E+01 6.31E+00 8.30E-02
(0.86) (0.74) (1.21) (1.37) (1.20)
2004 1.40E+00 5.86E—02 1.28E+01 6.41E+00 8.22E-02
(1.10) (0.97) (1.14) (2.15) (1.77)
2204 1.41E+00 5.81E-02 1.29E+01 6.32E+00 8.19E-02
(0.78) (0.67) (0.68) (0.70) (1.00)
2404 * 1.37E+00 6.03E-02 1.32E+01 6.33E+00 8.50E-02
(1.04) (0.88) (1.39) (0.87) (1.28)
2604 1.42E+00 5.80E—-02 1.28E+01 6.31E+00 8.52E-02
(0.85) (0.61) (0.69) (0.85) (4.08)
2804 1.41E+00 5.81E-02 1.30E+01 6.34E+00 8.15E-02
(0.62) (0.62) (0.74) (1.07) (2.74)
3004 1.41E+00 5.74E-02 1.31E+01 6.38E+00 8.17E-02
(0.93) (0.75) (0.80) (1.46) (2.46)
3204 1.39E+00 5.64E—-02 1.27E+01 6.38E+00 8.17E-02
(0.87) (0.63) (0.75) (1.61) (1.77)
3404 1.30E+00 5.45E-02 1.33E+01 6.27E+00 8.12E-02
(0.94) (0.73) (0.78) (1.21) (1.25)
3604 1.07E+00 4.78E-02 1.46E+01 5.93E+00 8.21E-02
(1.02) (0.84) (0.87) (1.12) (1.78)
3804 4.56E—-01 2.50E—-02 1.78E+01 4.50E+00 8.81E-02
(1.34) (1.48) (1.28) (1.31) (1.58)
File ID KD04
Comment G23-11, 8mmStep, 4mmColli.
Measurement date 1996/7/19
Decay correct date 1992/6/19
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Table 2.1.13. Measured data of NT3G23-B12(KD07) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
204 5.05E-01 3.03E-02 1.63E+01 4.85E+00 8.84E-02
(0.68) (0.64) (0.78) (0.90) (1.41)
404 1.03E+00 4.79E-02 1.44E+01 6.00E+00 8.74E-02
0.77) (0.60) (0.65) (0.61) (3.35)
604 1.26E+00 5.61E-02 1.37E+01 6.24E+00 8.63E-02
(0.80) (0.70) (1.15) (0.69) (1.40)
804 1.37E+00 5.78E—02 1.30E+01 6.44E+00 8.79E-02
(0.86) (0.67) (0.75) (0.72) (1.27)
1004 1.39E+00 5.98E-02 1.37E+01 6.42E+00 8.74E-02
(1.17) (0.89) (1.73) (0.90) (1.28)
1204 1.40E+00 5.84E-02 1.29E+01 6.47E+00 8.61E-02
(0.96) (0.75) (0.79) (1.37) (2.11)
1404 1.40E+00 5.89E—-02 1.29E+01 6.50E+00 8.71E-02
(0.94) (0.85) (1.01) (0.79) (1.11)
1604 1.40E+00 5.83E-02 1.29E+01 6.36E+00 8.57E-02
(0.97) (0.76) (1.08) (0.83) (1.42)
1804 1.40E+00 5.87E-02 1.30E+01 6.33E+00 8.44E-02
(1.04) (0.87) (1.41) (0.79) (1.01)
2004 * 1.37E+00 5.84E—-02 1.30E+01 6.36E+00 8.51E-02
(0.89) (0.75) (0.80) (0.75) (2.79)
2204 1.40E+00 5.76E—-02 1.28E+01 6.40E+00 8.59E-02
(0.94) (0.74) 0.77) (1.84) (0.81)
2404 * 1.35E+00 6.00E—02 1.32E+01 6.34E+00 8.60E-02
(1.02) (0.79) (1.38) (1.87) (1.09)
2604 1.39E+00 5.70E-02 1.31E+01 6.36E+00 8.43E-02
(0.89) (0.77) (0.75) (0.76) (1.17)
2804 1.38E+00 5.84E—-02 1.35E+01 6.34E+00 8.15E-02
(0.90) (0.92) (1.24) (0.80) (1.20)
3004 1.39E+00 5.72E-02 1.30E+01 6.32E+00 8.37E-02
(0.63) (0.57) (0.57) (0.55) (1.80)
3204 1.36E+00 5.54E-02 1.31E+01 6.35E+00 8.59E-02
(1.01) (0.74) (1.02) (1.43) (2.35)
3404 1.28E+00 5.35E-02 1.34E+01 6.19E+00 8.32E-02
(0.84) (0.62) (0.59) (1.19) (2.40)
3604 1.06E+00 4.63E-02 1.44E+01 5.86E+00 8.65E-02
(0.70) (0.71) (0.68) (0.69) (2.95)
3804 4.53E-01 2.53E-02 1.73E+01 4.45E+00 8.73E-02
(1.05) (1.20) (0.81) (0.80) (1.99)
File ID KDO07
Comment G23-12, 8mmStep, 4mmColli.
Measurement date 1996/7/26
Decay correct date 1992/6/19
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Table 2.1.14. Measured data of NT3G24-C3(KH11) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
163 6.47E-01 2.29E-02 2.83E+00 5.96E-02
(0.80) (0.91) (0.98) (4.49)
363 1.35E+00 5.21E-02 4.13E+00 5.71E-02
(1.49) (1.51) (1.96) (5.09)
563 * 1.56E+00 6.04E—-02 4.56E+00 5.90E-02
(2.33) (2.39) (3.14) (3.08)
763 1.77E+00 6.27E-02 4.67E+00 5.42E-02
(2.23) (0.07) (3.55) (5.76)
963 1.79E+00 6.64E—02 4.95E+00 6.09E-02
(1.29) (1.05) (1.93) (6.69)
1163 1.75E+00 6.22E—02 4.62E+00
(2.55) (1.96) (1.81)
1363 1.80E+00 6.30E-02 4.54E+00 7.29E-02
(2.03) (1.65) (2.13) (4.66)
1563 * 1.75E+00 6.24E-02 4.58E+00 5.69E-02
(1.82) (1.10) (1.10) (1.23)
1763 1.78E+00 6.17E-02 4.74E+00 6.46E—02
(1.81) (1.65) (3.06) (9.52)
1963 * 1.69E+00 6.32E-02 4.52E+00 6.45E—-02
(1.87) (1.76) (1.44) (8.10)
2163 1.76E+00 5.82E-02 4.55E+00
(1.84) (0.60) (3.67)
2363 1.74E+00 5.94E-02 4.62E+00 4.95E-02
(2.26) (1.40) (4.15) (3.89)
2563 1.78E+00 6.04E—-02 4.58E+00 5.14E-02
(1.24) (0.96) (1.31) (7.73)
2763 1.77E+00 5.82E-02 4.60E+00 6.36E—02
(2.11) (1.75) (2.93) (7.02)
2963 1.78E+00 5.92E-02 4.46E+00 5.06E—-02
(2.66) (1.10) (2.18) (9.24)
3163 1.78E+00 5.77E-02 4.75E+00
(2.82) (2.45) (4.98)
3363 * 1.70E+00 6.09E—-02 4.65E+00 6.98E-02
(1.39) (0.96) (2.52) (3.79)
3567 1.49E+00 5.40E—-02 4.33E+00
(1.56) (1.36) (2.26)
3767 9.02E-01 3.48E-02 3.30E+00 4.87E-02
(0.69) (1.22) (0.72) (2.32)
File ID KHI11
Comment G24-3, 4mmStep, 4mmColli.
Measurement date 1998/9/21
Decay correct date 1993/9/30
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Table 2.1.15. Measured data of NT3G24-A4(KHO06) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
161.5 6.79E-01 2.34E-02 3.03E+00
(1.04) (1.00) (1.40)
361.5 1.39E+00 5.49E-02
(1.47) (1.30)
561.5 * 1.62E+00 6.48E—02 4.21E+00
(1.20) (0.84) 4.37)
761.5 1.75E+00 6.26E—02 4.27E+00
(2.25) (2.32) (2.61)
961.5 1.83E+00 6.35E-02 4.33E+00
(1.71) (2.53) (3.93)
1161.5 1.81E+00 6.62E—02 4.23E+00
(3.12) (2.46) (3.49)
1361.5 1.85E+00 6.37E-02 4.33E+00
(2.47) (2.82) (2.79)
1561.5 1.76E+00 6.35E-02
(3.05) (2.25)
1761.5 1.82E+00 6.26E—02 4.19E+00
(1.15) (1.04) (2.20)
1961.5 * 1.70E+00 6.80E—02 4.46E+00
(2.67) (2.07) (3.00)
2161.5 1.77E+00 6.37E-02 4.37E+00
4.17) (3.64) (6.02)
2361.5 6.64E—02 4 41E+00
(1.25) (2.45)
2561.5 1.78E+00 6.25E-02 4.22E+00
(2.85) (0.85) (4.02)
2761.5 1.81E+00 6.26E—02 4.16E+00
(1.65) (1.41) (3.94)
2961.5 1.79E+00 6.07E-02 4.29E+00
(2.63) (2.96) 4.72)
3161.5 1.83E+00 6.25E—02 4.29E+00
(0.67) (0.56) (0.93)
3361.5 1.70E+00 6.34E—-02 4.23E+00
(2.40) (2.23) (3.11)
3565.5 1.57E+00 3.94E+00
(3.14) (3.52)
3765.5 9.80E-01 4.04E-02 3.44E+00
(1.80) (1.60) (1.26)
File ID KHO06
Comment G24-4, 4mmStep, 4mmColli.
Measurement date 1998/9/7
Decay correct date 1993/9/30
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Table 2.1.16. Measured data of NT3G24-C5(KH09) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
162 6.45E-01 2.28E-02 2.87E+00 2.87E+00
(0.75) (1.69) (0.84) (0.85)
362 1.34E+00 5.21E-02 4.39E+00 4.39E+00
(0.53) (0.51) (1.15) (4.93)
562 * 1.51E+00 5.82E-02 4.48E+00 4.48E+00
(1.97) (1.60) (2.66) (2.01)
762 1.69E+00 5.82E-02 4.49E+00
(1.33) (2.52) (2.84)
962 1.67E+00 6.08E—-02 4.40E+00
(2.29) (2.42) (2.42)
1162 1.68E+00 5.93E-02 4.26E+00 4.26E+00
(1.57) (1.27) (2.73) (4.45)
1362 1.68E+00 5.94E-02 4.31E+00 4.31E+00
(1.57) (1.66) (2.40) (6.10)
1562 * 1.66E+00 6.06E—02 4.23E+00 4.23E+00
(1.44) (1.07) (2.18) (3.55)
1762 1.69E+00 6.04E—-02 4.38E+00 4.38E+00
(0.60) (0.95) (1.88) (6.36)
1962 * 1.60E+00 6.42E-02 4.28E+00 4.28E+00
(0.68) (0.60) (2.27) (9.92)
2162 1.67E+00 5.97E-02 4.16E+00 4.16E+00
(0.74) (0.72) (1.68) (4.82)
2362 1.67E+00 6.01E-02 4.17E+00
(1.73) (1.21) (2.12) (3.76)
2562 5.83E-02 4.27E+00 4.27E+00
(1.18) (1.73) (7.86)
2762 1.65E+00 4.18E+00 4.18E+00
(1.56) (3.02) (7.52)
2962 1.65E+00 5.74E-02 4.29E+00 4.29E+00
(1.10) (0.91) (1.48) (6.16)
3162 1.66E+00 5.89E—-02 4.41E+00 4.41E+00
0.77) (0.61) (1.68) (7.64)
3362 * 1.59E+00 5.87E-02 4.19E+00 4.19E+00
(1.34) (1.68) (2.85) (1.95)
3566 1.49E+00 5.56E—-02 4.43E+00 4.43E+00
(0.91) (0.84) (0.88) (5.70)
3766 8.91E-01 3.50E-02 3.33E+00 3.33E+00
(1.31) (1.19) (1.99) (2.61)
File ID KHO09
Comment G24-5, 4mmStep, 4mmColli.
Measurement date 1998/9/16
Decay correct date 1993/9/30
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Table 2.1.17. Measured data of NT3G24-A6(KHO07) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
163.5 6.43E-01 2.32E-02 2.86E+00 5.53E-02
(0.84) (0.99) (0.69) (5.79)
363.5 1.30E+00 4.99E-02 4.11E+00 6.41E-02
(0.59) (0.58) (1.46) 4.51)
563.5 * 1.55E+00 6.07E-02 4.68E+00 6.23E-02
(0.81) (0.68) (0.74) (3.92)
763.5 1.72E+00 5.87E-02 4.73E+00 7.29E-02
0.77) (0.58) (2.41) (6.09)
963.5 1.73E+00 5.93E-02 4.64E+00 6.56E—02
(0.80) (0.76) (1.47) (7.72)
1163.5 1.71E+00 5.83E-02 4.44E+00 6.33E-02
(1.99) (2.28) (2.45) (4.15)
1363.5 1.73E+00 5.90E—-02 4.56E+00 5.56E—-02
(1.30) (0.98) (1.35) (8.97)
1563.5 6.01E-02 4.74E+00 6.73E-02
(0.72) (1.35) (4.00)
1763.5 1.71E+00 5.73E-02 4.41E+00 5.84E-02
(0.76) (1.00) (0.96) (3.87)
1963.5 * 1.63E+00 6.06E—02 4.45E+00 5.97E-02
(0.78) (0.64) (1.15) (4.22)
2163.5 1.67E+00 5.49E-02 4.30E+00
(1.12) (1.02) 4.21)
2363.5 1.72E+00 5.86E—02 4.62E+00 6.06E—02
(1.41) (1.09) (0.75) (4.09)
2563.5 1.71E+00 5.81E-02 4.40E+00 6.33E-02
(1.55) (1.30) (1.96) (5.85)
2763.5 1.71E+00 5.74E-02 4.47E+00 5.69E—-02
(1.05) (1.02) (1.92) (2.21)
2963.5 1.70E+00 5.97E-02 4.33E+00 5.82E-02
(1.79) (1.33) (2.84) (1.65)
3163.5 1.70E+00 5.81E-02 4.60E+00
(0.91) (0.84) (0.91)
3363.5 1.60E+00 6.06E—02 4.32E+00
(1.44) (2.40) (3.86)
3567.5 1.51E+00 5.27E-02 4.21E+00 6.48E—02
(1.81) (1.87) (2.61) (4.24)
3767.5 9.24E-01 3.78E-02 3.19E+00 5.54E-02
(0.84) (0.62) (1.23) (5.89)
File ID KHO7
Comment G24-6, 4mmStep, 4mmColli.
Measurement date 1998/9/9
Decay correct date 1993/9/30

40




Table 2.1.18. Measured data of NT3G24-C7(KF02) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
204 8.32E-01 3.28E-02 1.13E+01 3.29E+00 6.08E—-02
(0.89) (1.02) (0.76) (1.48) (4.44)
404 1.46E+00 5.82E-02 1.02E+01 4.37E+00 6.64E—02
(0.90) (0.73) (1.43) (0.74) (1.56)
604 1.72E+00 6.60E—02 9.93E+00 4.54E+00 6.52E—-02
(1.50) (1.23) (3.36) (1.67) (4.63)
804 1.81E+00 6.68E—02 9.05E+00 4.82E+00 6.35E-02
(1.14) (0.93) (1.25) (1.33) (0.96)
1004 * 1.82E+00 6.72E-02 9.20E+00 4.60E+00 6.10E—-02
(1.17) (0.99) (2.04) (1.28) (1.10)
1204 1.84E+00 6.73E-02 8.91E+00 4.71E+00 6.25E—-02
(1.28) (1.10) (1.94) (1.41) (2.36)
1404 1.85E+00 6.69E—02 8.73E+00 4.51E+00 5.90E-02
(1.21) (0.94) (2.38) (1.43) (3.43)
1604 1.84E+00 6.61E-02 8.80E+00 4.49E+00 6.11E-02
(0.94) (0.84) (1.38) (1.18) (3.04)
1804 1.83E+00 6.42E—02 8.47E+00 4.44E+00 6.20E—-02
(0.00) (0.00) (0.00) (0.00) (0.00)
2004 1.82E+00 6.57E-02 8.80E+00 4.40E+00 5.99E-02
(0.63) (0.55) (0.83) (0.94) (0.96)
2204 1.85E+00 6.74E-02 9.27E+00 4.58E+00 6.30E—-02
(2.12) (1.76) (1.75) (2.19) (2.02)
2404 * 1.78E+00 6.85E—02 8.96E+00 4.43E+00 6.55E-02
(1.14) (0.84) (1.52) (1.03) (1.38)
2604 1.84E+00 6.47E-02 8.50E+00 4.47E+00 6.16E—-02
(1.11) (0.93) (1.89) (1.48) (1.13)
2804 1.85E+00 6.55E-02 9.31E+00 4.49E+00 6.36E—02
(1.26) (1.06) (2.69) (1.65) (3.36)
3004 1.84E+00 6.67E-02 9.19E+00 4.48E+00 6.54E-02
(1.68) (1.37) (1.44) (1.73) (1.47)
3204 1.81E+00 6.37E-02 8.30E+00 4.54E+00 5.90E-02
(1.08) (0.90) (1.33) (0.95) (1.04)
3404 1.75E+00 6.22E—02 9.20E+00 4.46E+00 6.10E—-02
(1.04) 0.77) (1.71) (1.18) (2.36)
3600 1.53E+00 5.69E—-02 9.62E+00 4.29E+00 6.26E—02
(0.93) (0.76) (1.34) (1.02) (2.75)
3804 7.55E-01 2.84E-02 1.10E+01 3.03E+00 5.87E-02
(1.09) (0.92) (0.88) (1.38) (1.60)
File ID KF02
Comment G24-07, 4mmStep, 4mmColli.
Measurement date 1997/4/18
Decay correct date 1993/9/30
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Table 2.1.19. Measured data of NT3G24-A8(KH12) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
161 6.59E-01 2.33E-02 3.09E+00 1.97E-02
(1.78) (1.57) (1.86) 4.07)
361 1.35E+00 5.13E-02 4.33E+00 2.13E-02
(0.78) (0.70) (2.72) (4.33)
561 1.66E+00 6.02E—-02 4.36E+00 1.86E—02
(1.21) 0.77) (1.80) (2.65)
761 1.75E+00 5.90E—-02 4 45E+00 1.84E—-02
(1.43) (1.51) (2.30) (6.67)
961 1.75E+00 5.70E-02 4.49E+00 1.88E—02
(1.76) (1.42) (1.95) (3.04)
1161 1.79E+00 5.94E-02 1.92E-02
(1.95) (1.32) (6.04)
1361 1.75E+00 5.93E-02 4.37E+00 2.02E-02
(1.19) (1.24) (2.31) (4.23)
1561 1.76E+00 6.21E-02 4.33E+00 2.16E—-02
(1.12) (1.14) (2.11) (3.87)
1761 1.77E+00 5.82E-02 4.36E+00 1.80E—02
(1.17) (1.35) (2.27) (6.94)
1961 * 1.72E+00 6.29E—-02 4.23E+00 1.78E-02
(1.68) (1.29) (1.85) (7.62)
2161 1.77E+00 5.73E-02 4.29E+00 2.05E-02
(1.27) (1.25) (2.55) (1.05)
2361 1.75E+00 6.00E—02 4.23E+00 1.75E-02
(1.15) (1.13) (1.54) (6.38)
2561 1.77E+00 5.90E—-02 4.38E+00 1.85E-02
(1.39) (1.30) (2.15) (5.33)
2761 1.74E+00 5.76E—-02 4.22E+00 1.80E—02
(1.10) (1.37) (1.53) (7.70)
2961 1.75E+00 5.78E—02 4.27E+00 2.07E-02
(1.53) (1.67) (3.09) (4.06)
3161 4.39E+00 1.92E-02
(2.75) (0.86)
3361 1.68E+00 5.83E-02 4.28E+00 1.85E-02
(1.44) (1.14) (1.71) (5.71)
3565 1.53E+00 5.49E-02 4.15E+00 1.74E-02
(1.48) (2.19) (2.11) (1.48)
3765 9.43E-01 3.63E-02 3.40E+00 1.83E-02
(0.51) (0.43) (0.49) (0.30)
3773 9.14E-01 3.48E-02 3.37E+00 1.82E-02
(0.90) (0.70) (1.73) (1.32)
File ID KH12
Comment G24-8, 4mmStep, 4mmColli.
Measurement date 1998/9/22
Decay correct date 1993/9/30
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Table 2.1.20. Measured data of NT3G24-B10(KHO08) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
159 5.92E-01 3.08E-02 4.35E+00 7.73E-02
(0.90) (1.05) (0.89) (3.48)
359 1.29E+00 5.68E—-02 5.83E+00 8.16E-02
(0.55) (0.58) (0.94) (3.79)
559 * 1.53E+00 6.51E-02 6.01E+00 7.90E-02
(0.68) (0.58) (0.43) (1.64)
759 1.72E+00 6.55E—-02 6.04E+00 7.61E-02
(0.65) (0.90) (1.56) (3.22)
959 1.76E+00 6.55E—-02 6.08E+00 7.07E-02
(0.64) (0.78) (1.52) (1.25)
1159 1.76E+00 6.52E—-02 5.91E+00 7.17E-02
(0.36) (0.48) (0.86) (1.54)
1359 1.76E+00 6.46E—02 5.93E+00 8.03E-02
(0.30) (0.00) (0.68) (3.80)
1559 * 1.73E+00 6.53E-02 5.92E+00 7.51E-02
(0.66) (0.61) (1.36) (0.58)
1759 1.75E+00 6.50E—-02 5.85E+00 7.81E-02
(0.66) (0.85) (1.09) (3.95)
1959 * 1.70E+00 7.04E-02 5.67E+00 7.23E-02
(1.06) (0.79) (2.34) (2.86)
2159 1.75E+00 6.35E-02 5.57E+00 7.33E-02
(0.69) (0.48) (0.88) (1.71)
2359 1.74E+00 6.53E-02 5.48E+00 6.90E-02
(1.13) (0.58) (1.56) (1.93)
2559 1.74E+00 6.31E-02 5.79E+00 7.65E—-02
(0.55) (0.53) (0.40) (3.08)
2759 1.74E+00 6.39E-02 5.82E+00 7.51E-02
(0.67) (2.88) (0.61) (3.21)
2959 1.75E+00 6.45E—-02 5.80E+00 7.36E—-02
(0.87) (0.58) (0.66) (1.40)
3159 1.73E+00 6.25E-02 5.92E+00 7.73E-02
(0.49) (0.50) (0.49) (2.22)
3359 1.66E+00 6.40E—02 5.85E+00 7.15E-02
(1.16) (0.51) (1.30) (1.01)
3563 1.50E+00 6.02E—-02 5.70E+00 7.85E-02
(0.69) (0.77) (0.53) (2.62)
3763 8.44E-01 4.24E-02 4.74E+00 7.62E-02
(0.68) (0.60) (0.86) (1.01)
File ID KHO08
Comment G24-10, 4mmStep, 4mmColli.
Measurement date 1998/9/11
Decay correct date 1993/9/30
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Table 2.1.21. Measured data of NT3G24-D11(KH10) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
163.5 5.70E-01 2.87E-02 4.17E+00 7.21E-02
(1.43) (1.14) (1.83) 4.70)
363.5 1.25E+00 5.70E—-02 5.57E+00 7.07E-02
(1.01) (0.82) (1.43) (2.48)
563.5 * 1.50E+00 6.62E—02 5.86E+00 7.59E-02
(0.49) (0.37) (1.03) (5.83)
763.5 1.66E+00 6.50E—-02 5.89E+00 7.05E-02
(0.55) (0.54) (0.55) 4.75)
963.5 1.68E+00 6.66E—02 5.73E+00 6.80E—02
(0.67) (0.55) (0.59) (0.64)
1163.5 1.68E+00 6.54E—02 5.78E+00 6.82E—02
(0.65) (0.58) (0.85) (3.75)
1363.5 1.66E+00 6.45E—02 5.41E+00 6.55E-02
(1.30) (0.86) (1.84) (0.92)
1563.5 * 1.65E+00 6.60E—02 5.62E+00 7.05E-02
(0.91) (0.61) (0.75) (5.50)
1763.5 1.66E+00 6.60E—02 5.71E+00 7.10E-02
(1.03) (0.72) (0.88) (4.96)
1963.5 * 1.61E+00 6.85E—02 5.66E+00 6.88E—02
(0.70) (0.58) (0.59) (0.68)
2163.5 1.66E+00 6.49E—-02 5.63E+00 7.23E-02
(0.85) (0.90) (1.40) (3.60)
2363.5 1.65E+00 6.23E-02 5.50E+00 7.01E-02
(0.81) (0.36) (0.36) (3.38)
2563.5 1.66E+00 6.17E-02 5.63E+00 6.45E—-02
(1.20) (0.91) (0.96) (3.27)
2763.5 1.66E+00 6.21E-02 5.71E+00 6.97E-02
(0.65) (0.54) (0.54) (9.27)
2963.5 1.65E+00 6.16E—-02 5.59E+00 7.00E-02
(0.57) (0.58) (1.58) (2.94)
3163.5 1.63E+00 6.19E-02 5.79E+00 7.07E-02
(0.85) (0.78) (0.76) (4.18)
3363.5 1.57E+00 6.48E—02 5.59E+00 7.46E—-02
(0.71) (0.57) (0.69) (3.44)
3567.5 1.39E+00 5.66E—02 5.57E+00 7.05E-02
(1.33) (1.13) (0.96) (1.56)
3767.5 8.30E-01 4.37E-02 4.76E+00 7.34E-02
(0.85) (0.78) (0.78) (3.45)
File ID KH10
Comment G24-11, 4mmStep, 4mmColli.
Measurement date 1998/9/18
Decay correct date 1993/9/30
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Table 2.1.22. Measured data of NT3G24-B12(KHO05) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
203 7.02E-01 3.96E-02 4.84E+00 8.81E-02
(0.94) (0.77) (1.06) (6.51)
403 1.33E+00 5.84E—-02 5.79E+00 7.62E-02
(1.22) (0.95) (0.96) (6.00)
603 1.58E+00 6.25E-02 6.04E+00 7.60E—-02
(1.49) (1.25) (1.32) (1.59)
803 1.67E+00 6.43E-02 5.77E+00 7.55E-02
(1.14) (0.96) (1.42) (7.32)
1003 1.64E+00 5.79E+00 7.13E-02
(0.62) (0.82) (0.42)
1203 1.69E+00 6.46E—02 5.80E+00 7.44E-02
(1.18) (0.95) (1.35) (2.94)
1403 1.68E+00 6.37E-02 5.73E+00 7.66E—02
(0.55) (0.94) (2.17) (5.82)
1603 1.67E+00 6.36E—02 5.73E+00 7.41E-02
(1.20) (1.11) (2.00) (6.02)
1803 1.67E+00 6.39E-02 5.74E+00 7.18E—-02
(1.20) (0.92) (1.00) (3.14)
2003 1.66E+00 6.60E—02 5.43E+00 7.26E-02
(1.01) (1.05) (1.25) (1.13)
2203 1.67E+00 6.44E-02 5.80E+00 7.41E-02
(0.78) (0.36) (0.55) (0.40)
2403 1.64E+00 6.65E—02 5.70E+00 7.26E-02
(0.53) (0.76) (1.05) (4.82)
2603 1.68E+00 6.35E—-02 5.69E+00 7.64E-02
(0.75) (0.56) (1.25) (1.72)
2803 1.67E+00 6.41E-02 5.63E+00 7.15E-02
(1.18) (0.82) (1.59) (5.78)
3003 6.28E—02 5.67E+00 7.92E-02
(0.53) (0.91) (4.24)
3203 1.66E+00 6.27E-02 5.62E+00 7.56E—-02
(0.88) (0.54) (0.79) (4.09)
3403 1.59E+00 6.16E—-02 5.64E+00 7.32E-02
(0.81) 0.47) (0.61) (3.23)
3599 1.39E+00 5.76E—-02 5.50E+00 7.81E-02
(0.82) (0.62) (1.01) (2.05)
3803 6.54E-01 3.46E-02 4.39E+00 7.81E-02
(0.85) (1.02) (1.36) (3.26)
File ID KHO05
Comment G24-12, 4mmStep, 4mmColli.
Measurement date 1998/9/4
Decay correct date 1993/9/30
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Table 2.1.23. Measured data of 2F2DN23-01 (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
392 6.86E—01 2.93E-02 4.88E+00
(1.01) (1.23) (1.10)
496 8.01E-01 3.83E-02 4.35E+00
(0.92) (1.29) (0.93)
568 9.66E-01 4.48E-02 3.34E+00
(1.26) (0.91) (1.01)
664 1.11E+00 4.96E—-02 3.28E+00
(7.70) (2.33) (7.55)
892 1.35E+00 5.53E-02 3.74E+00
(4.66) (4.56) (5.45)
088 1.38E+00 5.51E-02
(1.16) (1.06)
1100 1.46E+00 5.79E-02 3.78E+00
(1.26) (1.08) (1.65)
1180 1.46E+00 6.03E-02
(1.39) (1.43)
1284 1.51E+00 5.70E—-02 3.76E+00
(5.39) (1.64) (6.45)
1396 1.47E+00 6.27E-02 3.81E+00
(2.12) (3.99) (1.72)
1492 1.47E+00 6.04E-02 4.06E+00
(8.98) (9.06) (8.82)
1572 1.50E+00 5.55E-02 3.82E+00
(2.42) (2.41) (1.26)
2018 1.47E+00 5.92E-02 3.67E+00
(1.86) (8.80) (1.95)
2514 1.49E+00 5.12E-02 3.54E+00
(4.90) (4.80) (4.98)
2838 1.43E+00 4.61E-02 3.49E+00
(8.87) (8.75) (9.48)
2926 1.43E+00 4.67E-02 3.60E+00
(0.66) (1.42) (1.47)
2982 1.43E+00 4.60E—-02 3.55E+00
(0.78) (0.70) (0.77)
3416 1.34E+00 4.27E-02 3.36E+00
(2.23) (1.75) (3.44)
3528 1.25E+00 4.07E-02 3.38E+00
5.71) (5.70) (6.12)
3608 1.17E+00 3.82E-02 3.09E+00
(1.29) (1.29) (1.66)
3712 1.08E+00 3.71E-02 2.86E+00
(2.40) (2.51) (2.60)
3816 8.47E-01 3.26E-02 2.65E+00
(1.16) (1.44) (1.85)
3920 6.13E-01 2.88E—02 5.11E+00
(1.73) (1.67) (1.69)
4024 3.56E-01 1.88E-02 3.96E+00
(1.23) (1.59) (1.01)
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Table 2.1.24. Measured data of 2F2DN23-02 (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)

from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125

376 5.66E—-01 2.84E-02 5.01E+00 8.40E-02
(0.76) (0.88) (0.78) (2.13)

480 7.24E-01 4.11E-02 5.66E+00 9.22E—02
(1.14) (1.22) (1.64) (2.36)

576 8.37E-01 4.39E-02 3.61E+00 6.18E-02
(1.26) (1.18) (1.08) (1.11)

680 1.02E+00 5.21E-02 3.78E+00 6.52E—-02
(0.88) (0.79) (1.75) (2.79)

880 1.24E+00 6.08E—02 4.22E+00 6.45E—-02
(0.87) (1.22) (1.71) (4.96)

972 1.26E+00 5.40E—-02 4.21E+00 0.00E+00
(8.15) (9.05) (8.84) (0.00)

1076 1.32E+00 7.04E-02 4.46E+00 6.97E-02
9.21) (9.79) (2.11) (12.97)

1188 1.35E+00 6.73E-02 4.54E+00 7.19E-02
(9.18) 4.11) (9.19) (6.64)

1284 1.37E+00 6.74E-02 4.79E+00 6.94E-02
9.27) 4.11) (4.66) (4.26)

1388 1.36E+00 6.99E—02 4.66E+00 6.56E—02
(9.42) 4.27) (2.12) (4.14)

1476 1.34E+00 7.13E-02 4.68E+00 6.64E—02
(9.45) (9.59) (9.45) (4.54)

1532 1.36E+00 6.61E-02 4.65E+00 7.34E-02
(9.23) (10.03) (10.41) (5.18)

2048 1.39E+00 6.21E-02 4.68E+00 6.90E-02
(9.39) (9.41) (9.50) (6.75)

2572 1.33E+00 6.31E-02 4.34E+00 6.31E-02
(5.31) (7.01) (5.30) (4.39)

2860 1.37E+00 5.62E—-02 4.23E+00 6.25E—02
(9.36) (10.60) (0.79) (4.19)

2956 1.36E+00 5.07E-02 4.06E+00 6.13E-02
(8.77) 4.11) (9.04) (8.01)

3012 1.32E+00 5.33E-02 4.08E+00 5.96E-02
(5.62) (5.64) (5.74) (5.33)

3304 1.28E+00 4.63E-02 4.00E+00 5.69E-02
(3.61) (5.29) (3.59) (7.56)

3448 1.25E+00 4.06E-02 3.98E+00 6.40E—02
(2.59) (6.64) (5.53) (7.46)

3552 1.18E+00 4.32E-02 3.79E+00 6.05E—-02
(1.66) (1.58) (2.67) (1.86)

3648 1.08E+00 4.34E-02 3.86E+00 5.86E—02
(2.04) (1.97) (2.14) (1.90)

3752 9.56E-01 3.88E-02 3.65E+00 5.87E-02
(1.49) (1.44) (2.83) (4.26)

3856 7.00E-01 3.43E-02 3.22E+00 5.80E—02
(1.53) (1.45) (1.74) (2.16)

3960 5.79E-01 3.17E-02 4.87E+00 8.60E-02
(3.68) 4.61) (4.39) (4.45)
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Table 2.1.25. Measured data of 2F2DN23-04(KE13) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 7.49E-01 3.15E-02 8.32E+00 5.84E+00 9.44E—-02
(1.31) (1.19) 1.73 (1.20) (3.66)
582 1.15E+00 4.69E-02 8.41E+00 4.66E+00 6.89E-02
(0.97) (0.74) (1.39) (1.12) (1.83)
782 1.50E+00 5.62E—-02 8.04E+00 5.32E+00 7.05E-02
(1.05) (0.92) (2.18) (0.92) (1.72)
982 * 1.65E+00 5.77E-02 8.37E+00 5.39E+00 6.68E—02
(0.67) (0.57) (0.68) (0.82) (2.36)
1182 1.75E+00 6.06E—02 8.08E+00 6.01E+00 7.27E-02
(0.79) (0.67) (0.75) (1.54) (2.21)
1382 1.80E+00 6.10E-02 8.27E+00 5.81E+00 6.81E-02
(1.54) (1.37) (3.92) (1.91) (2.29)
1582 1.80E+00 5.77E-02 7.79E+00 5.61E+00 6.44E-02
(1.01) (0.78) (1.18) (1.12) (0.80)
1782 1.80E+00 5.67E-02 8.38E+00 5.58E+00 6.61E-02
(0.90) (0.75) (1.86) (0.75) 5.41)
1982 * 1.76E+00 5.91E-02 8.68E+00 5.70E+00 7.03E-02
(0.91) (0.72) (2.02) (0.70) (0.70)
2182 1.78E+00 5.80E—-02 5.47E+00 7.23E-02
(3.34) (3.32) (3.33) (5.43)
2382 1.75E+00 5.75E-02 8.48E+00 5.66E+00 6.91E-02
(1.30) (1.08) (3.45) (1.32) (3.69)
2582 1.75E+00 5.19E-02 8.00E+00 5.21E+00 6.31E-02
(1.46) (1.30) (4.20) (1.30) (1.48)
2782 1.69E+00 4.74E-02 7.28E+00 5.08E+00 6.17E-02
(0.86) (0.73) (1.22) (0.73) (1.95)
2982 1.63E+00 4.94E-02 7.62E+00 5.26E+00 6.59E-02
(0.79) (0.67) (1.24) (1.17) (2.57)
3182 1.59E+00 4.85E-02 6.80E+00 5.23E+00 6.56E—02
(1.47) (1.29) (2.56) (2.23) (2.78)
3382 1.52E+00 4.59E-02 7.11E+00 5.23E+00 6.96E-02
(0.51) (0.51) (0.75) (0.73) (0.69)
3582 * 1.39E+00 4.38E—-02 7.26E+00 4.84E+00 6.69E-02
(0.92) (0.81) (1.19) (1.16) (1.90)
3782 1.13E+00 4.08E—-02 7.25E+00 4.52E+00 6.83E—-02
(1.14) (0.74) (0.93) (0.74) (4.48)
3982 5.51E-01 2.68E-02 7.56E+00 4.81E+00 7.91E-02
(1.89) (1.50) (3.14) (2.10) (2.86)
File ID KE13
Comment DN23-04, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/19
Decay correct date 1992/11/16
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Table 2.1.26. Measured data of 2F2DN23-05(KEO08) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
346 6.54E-01 2.97E-02 6.85E+00 5.08E+00 1.19E-01
4.61) 7.16) (4.06) 4.92) (18.15)
542 7.73E-01 4.00E-02 1.06E+01 3.49E+00 7.10E-02
(1.40) (1.24) (1.74) (1.24) (2.24)
742 1.12E+00 5.56E—-02 9.97E+00 4.05E+00 6.77E-02
(1.24) (0.92) (1.61) (0.93) 2.77)
942 1.28E+00 6.14E-02 9.20E+00 4.23E+00 6.66E—02
(0.79) (0.59) (0.57) (0.57) (0.58)
1142 1.37E+00 6.33E-02 9.60E+00 4.54E+00 6.78E—-02
(0.68) (0.57) (0.59) (0.68) (1.01)
1342 1.42E+00 6.72E-02 9.23E+00 4.63E+00 6.72E—-02
(1.76) (1.35) (3.62) (2.17) (3.49)
1542 * 1.41E+00 6.23E-02 9.48E+00 4.51E+00 6.68E—02
(0.56) (0.51) (1.00) (1.15) (1.90)
1562 1.40E+00 6.26E—02 9.53E+00 4.58E+00 6.69E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1742 1.42E+00 6.16E—02 9.38E+00 4.52E+00 6.86E—02
(1.24) (0.97) (1.40) (1.49) (1.91)
1942 1.39E+00 6.14E-02 8.99E+00 4.51E+00 6.84E—02
4.51) (4.43) (4.50) (4.43) (5.67)
2142 1.43E+00 5.98E-02 9.20E+00 4.41E+00 6.51E-02
(1.03) (0.81) (1.79) (1.35) (3.78)
2342 1.42E+00 5.73E-02 8.86E+00 4.42E+00 6.22E-02
(0.75) (0.54) (1.29) (0.66) (1.23)
2542 * 1.36E+00 5.72E-02 4 41E+00 6.48E—02
(0.76) (0.63) (1.18) (0.99)
2742 1.38E+00 5.31E-02 8.87E+00 4.30E+00 6.48E—-02
(0.99) (0.85) (0.85) (1.50) (2.35)
2942 1.35E+00 5.09E-02 8.37E+00 4.25E+00 6.12E—-02
(1.18) (0.98) (1.22) (1.75) (2.63)
3142 1.31E+00 4.84E-02 8.52E+00 4.11E+00 6.35E-02
(0.86) (0.73) (1.05) (0.89) (0.77)
3342 1.27E+00 4.72E-02 7.99E+00 4.02E+00 6.10E—-02
(1.14) (1.03) (0.99) (1.00) (2.08)
3542 1.17E+00 4.40E-02 9.57E+00 3.87E+00 6.20E—-02
(0.86) (0.80) (1.19) (1.08) (0.99)
3742 9.28E-01 3.80E-02 9.46E+00 3.52E+00 6.29E-02
(0.81) (0.82) (1.10) (0.81) (2.90)
3942 5.56E-01 2.94E-02 8.55E+00 4.92E+00 8.58E-02
(0.94) (0.88) (1.08) (1.55) (2.61)
File ID KEO08
Comment DN23-05, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/ 7
Decay correct date 1992/11/16
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Table 2.1.27. Measured data of 2F2DN23-06(KE06) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 5.49E-01 2.92E-02 8.56E+00 5.09E+00 8.72E-02
(1.52) (1.31) (3.78) (1.46) (5.97)
582 8.83E-01 4.38E—-02 9.89E+00 3.72E+00 6.87E—-02
(0.57) (0.56) (0.82) (0.58) (1.51)
782 1.19E+00 5.90E-02 9.18E+00 4.28E+00 7.38E—-02
(0.99) (0.70) (1.33) (1.14) (2.21)
982 * 1.29E+00 6.42E-02 8.79E+00 4.56E+00 7.22E-02
(1.11) (0.69) (0.98) (1.23) (1.64)
1182 1.42E+00 6.64E—02 8.73+00 4.71E+00 7.25E-02
(1.03) (0.88) (2.18) (1.50) (0.91)
1382 1.43E+00 6.72E-02 9.05E+00 4.83E+00 7.52E-02
(0.98) (0.89) (1.51) (0.86) (1.00)
1582 1.45E+00 6.55E—-02 8.77E+00 4.76E+00 6.89E-02
(0.73) (0.58) (0.93) (0.78) (2.10)
1782 1.47E+00 6.55E-02 8.16E+00 4.67E+00 7.02E-02
(1.21) (0.73) (1.14) (1.49) (3.81)
1982 * 1.42E+00 6.46E—02 9.36E+00 4.65E+00 6.97E-02
(0.71) (0.61) (1.29) (0.62) (1.45)
2182 1.45E+00 6.11E-02 8.60E+00 4.70E+00 6.84E—02
(0.79) (0.71) (1.08) (0.98) (0.71)
2382 1.45E+00 6.17E-02 8.45E+00 4.78E+00 7.08E—-02
(1.00) (0.84) (1.48) (0.91) (1.74)
2582 * 1.41E+00 5.92E-02 8.33E+00 4.68E+00 6.77E-02
(0.81) (0.67) (0.86) (1.25) (1.04)
2782 1.42E+00 5.57E-02 7.99E+00 4.58E+00 6.96E-02
(0.74) (0.68) (0.84) (0.97) (1.63)
2982 1.38E+00 5.25E-02 8.54E+00 4.43E+00 6.62E—02
(1.04) (0.91) (1.93) (1.01) (2.33)
3182 1.34E+00 5.05E-02 8.20E+00 4.50E+00 6.51E-02
(1.68) (1.55) (1.62) (2.24) (1.89)
3382 1.29E+00 4.74E-02 7.70E+00 4.21E+00 6.62E—02
(1.04) (0.89) (1.32) (1.45) (2.53)
3582 * 1.15E+00 4.43E-02 7.93E+00 4.01E+00 6.38E—-02
(1.13) (0.97) (1.59) (1.01) (1.28)
3782 9.17E-01 3.79E-02 8.55E+00 3.55E+00 6.32E—-02
(0.99) (0.73) (0.92) (0.94) (5.26)
3982 4.67E-01 2.41E-02 8.07E+00 4.43E+00 8.13E-02
(1.40) (1.27) (1.47) (2.30) (3.94)
File ID KE06
Comment DN23-06, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/ 4
Decay correct date 1992/11/16
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Table 2.1.28. Measured data of 2F2DN23-07(KEQ7) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 5.52E-01 2.95E-02 8.91E+00 5.15E+00 8.83E-02
(1.88) (1.72) (1.76) (1.83) (1.96)
582 8.83E-01 4.30E-02 9.00E+00 3.69E+00 7.03E-02
(0.67) (0.58) (0.89) (0.97) (5.36)
782 1.19E+00 5.88E—02 8.94E+00 4.35E+00 7.18E-02
(1.29) (1.02) (1.24) (1.02) (4.39)
982 * 1.29E+00 6.47E-02 9.53E+00 4.57E+00 7.87TE-02
(1.08) (0.88) (2.02) (0.98) (3.54)
1182 1.41E+00 6.41E-02 9.23E+00 4.78E+00 7.10E-02
(1.67) (1.28) (1.34) (1.33) 4.70)
1382 1.45E+00 6.75E—-02 9.14E+00 4.71E+00 7.27E-02
(1.72) (1.29) (3.61) (1.46) (1.35)
1582 1.45E+0 6.72E-02 9.33+0 4.75E+0 6.91E-02
(1.53) (1.02) (2.63) (1.53) (2.41)
1782 1.46E+00 6.44E—02 8.29E+00 4.75E+00 6.64E—02
(0.96) (0.79) (1.03) (0.95) (0.81)
1982 * 1.42E+00 6.32E-02 8.58E+00 4.69E+00 6.98E-02
(0.90) (0.83) (1.21) (1.56) (1.46)
2182 1.45E+00 6.26E—02 8.99E+00 4.62E+00 6.62E—02
(1.59) (1.35) (3.06) (2.02) (2.92)
2382 1.45E+00 6.21E-02 8.66E+00 4.60E+00 6.66E—02
(1.61) (1.40) (4.10) (1.67) (1.44)
2582 * 1.41E+00 5.97E-02 7.86E+00 4.61E+00 6.96E-02
(0.94) (0.95) (1.84) (1.53) (4.23)
2782 1.40E+00 5.53E-02 8.26E+00 4.61E+00 7.06E-02
(1.24) (1.15) (1.29) (1.28) (4.43)
2982 1.37E+00 5.30E-02 8.21E+00 4.40E+00 6.56E—02
(1.34) (1.14) (2.10) (1.50) 2.71)
3182 1.33E+00 4.98E-02 8.53E+00 4.39E+00 6.73E-02
(0.96) (0.85) (1.13) (0.85) (1.41)
3382 1.29E+00 4.76E—-02 8.03E+00 4.13E+00 6.69E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
3582 * 1.16E+00 4.49E-02 8.41E+00 4.02E+00 6.77E-02
(1.05) (0.92) (1.52) (1.36) (1.62)
3782 9.15E-01 3.77E-02 8.83E+00 3.53E+00 6.59E-02
(1.13) (0.92) (1.85) (1.26) (2.18)
3982 4.60E-01 2.28E-02 7.98E+00 4.58E+00 8.71E-02
(1.50) (1.35) (2.19) (1.63) (2.19)
File ID KEO07
Comment DN23-07, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/ 6
Decay correct date 1992/11/16
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Table 2.1.29. Measured data of 2F2DN23-08(KEO05) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 6.44E-01 3.02E-02 8.60E+00 5.43E+00 8.39E-02
(1.19) (1.00) (1.38) (1.62) (1.55)
582 1.01E+00 4.53E-02 9.15E+00 3.64E+00 6.12E-02
(1.12) (0.82) (1.86) (1.37) (0.89)
782 1.33E+00 5.39E-02 8.27E+00 4.09E+00 6.30E-02
(0.76) (0.66) (1.66) (1.38) (5.17)
982 * 1.46E+00 5.48E-02 8.29E+00 4.03E+00 5.82E-02
(1.08) (0.90) (1.59) (1.66) (3.51)
1382 1.62E+00 5.78E—02 8.19E+00 4.41E+00 5.94E-02
(1.13) (0.99) (1.36) (1.48) (5.70)
1582 1.60E+00 5.83E-02 9.83E+00 4.30E+00 5.59E-02
(0.98) (0.83) (1.79) (1.08) (1.45)
1782 1.62E+00 5.78E—02 8.04E+00 4.27E+00 5.95E-02
(0.72) (0.67) (1.05) (1.15) (5.83)
1982 * 1.57E+00 5.87E-02 8.23E+00 4.48E+00 6.17E-02
(0.51) (0.37) (0.43) (0.64) (1.59)
2182 1.58E+00 5.40E—-02 9.29E+00 4.31E+00 5.88E—02
(0.75) (0.60) (0.79) (0.98) (5.11)
2382 1.61E+00 5.78E—02 8.02E+00 4.25E+00 6.44E-02
(2.85) (2.48) (3.88) 2.71) (8.05)
2582 * 1.54E+00 5.34E-02 8.71E+00 4.35E+00 5.94E-02
(1.31) (1.09) (2.61) (1.23) (4.26)
2782 1.53E+00 4.91E-02 7.87E+00 4.12E+00 6.18E-02
(0.90) (0.77) (1.17) (1.18) (0.79)
2982 1.46E+00 4.82E-02 8.19E+00 4.10E+00 5.73E-02
(0.89) (0.77) (1.76) (0.78) 4.75)
3182 1.43E+00 4.53E-02 8.15E+00 3.94E+00 5.76E—-02
(0.65) (0.51) (0.53) (0.72) (1.36)
3382 1.38E+00 4.51E-02 7.58E+00 3.95E+00 6.00E—02
(1.70) (1.53) (5.13) (2.02) (2.08)
3582 * 1.23E+00 4.13E-02 7.36E+00 3.75E+00 5.67E-02
(0.74) (0.61) (2.86) (1.25) (2.89)
3782 9.83E-01 3.71E-02 7.95E+00 3.25E+00 5.49E—02
(1.70) (1.60) (1.87) (1.97) (1.85)
3982 5.13E-01 2.52E-02 8.13E+00 4.68E+00 8.40E-02
(1.64) (1.40) (1.58) (2.03) (5.22)
File ID KEO05
Comment DN23-08, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/ 3
Decay correct date 1992/11/16
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Table 2.1.30. Measured data of 2F2DN23-09(KEQ9) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 5.68E-01 2.96E-02 8.65E+00 5.22E+00 9.34E-02
(1.25) (1.05) (1.12) (1.28) (1.93)
582 9.20E-01 4.32E-02 9.61E+00 3.59E+00 6.70E—-02
(1.14) (0.88) (1.02) (0.88) (2.99)
782 1.22E+00 5.76E—-02 9.43E+00 4.04E+00 6.83E—-02
(0.88) 0.77) (0.78) (0.77) (2.78)
982 * 1.36E+00 6.31E-02 9.00E+00 4.21E+00 6.85E—-02
(0.76) (0.70) (1.23) (0.73) (1.45)
1182 1.48E+00 6.62E—02 9.01E+00 4.48E+00 6.71E-02
(0.88) 0.77) (1.11) (1.14) (3.65)
1382 1.50E+00 6.28E—02 8.40E+00 4.24E+00 6.29E-02
(0.67) (1.16) (0.74) (1.13) (3.24)
1582 1.51E+00 6.37E-02 8.80E+00 4.40E+00 6.42E-02
(0.78) (0.64) (0.65) (0.93) (2.75)
1782 1.52E+00 6.36E—02 8.27E+00 4.47E+00 6.76E—02
(0.63) (0.57) (0.76) (0.80) (2.69)
1982 * 1.47E+00 6.26E—02 8.63E+00 4.28E+00 6.63E—-02
(0.86) (0.72) (0.74) (1.22) (2.49)
2182 1.50E+00 6.17E-02 8.81E+00 4.41E+00 6.48E—02
(0.83) (0.68) (1.34) (1.09) (2.62)
2382 1.49E+00 5.88E—02 8.15E+00 4.32E+00 6.47E-02
(0.86) (0.65) (0.92) (0.80) 4.92)
2582 * 1.45E+00 5.81E-02 8.54E+00 4.34E+00 6.36E—02
(1.09) (0.96) (1.01) (1.06) (1.53)
2782 1.47E+00 5.57E-02 8.39E+00 4.30E+00 6.03E-02
(1.28) (1.06) (2.53) (1.64) (1.12)
2982 1.42E+00 5.05E-02 8.08E+00 4.15E+00 5.93E-02
(0.92) (0.83) (0.88) (1.40) (4.38)
3182 1.39E+00 4.89E-02 7.92E+00 4.00E+00 6.11E-02
(0.74) (0.67) (0.71) (1.14) (4.42)
3382 1.32E+00 4.57TE-02 7.60E+00 3.81E+00 6.00E—02
(0.95) (0.82) (1.38) (1.16) (1.51)
3582 * 1.81E+00 4.47E-02 7.67E+00 3.66E+00 5.88E—02
(1.23) (1.08) (1.86) (1.96) (2.30)
3782 9.45E—-01 3.74E-02 8.54E+00 3.28E+00 5.82E-02
(1.03) (0.91) (1.76) (0.92) (1.77)
3982 4.83E-01 2.54E-02 7.79E+00 4.69E+00 8.31E-02
(1.77) (1.51) (2.28) (1.66) (1.55)
File ID KE09
Comment DN23-09, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/10
Decay correct date 1992/11/16
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Table 2.1.31. Measured data of 2F2DN23-10(KE12) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
422 6.15E-01 3.28E-02 8.27E+00 5.34E+00 9.04E-02
(1.09) (1.28) (1.96) (1.01) (3.50)
622 9.66E-01 4.61E-01 8.99E+00 3.93E+00 6.68E—02
(0.93) (0.74) (1.65) (1.43) (6.39)
1022 * 1.33E+00 6.05E-02 8.94E+00 3.99E+00 6.11E-02
(1.00) (0.85) (2.55) (1.79) (5.02)
1222 1.43E+00 6.12E-02 8.97E+00 3.97E+00 5.71E-02
(1.04) (0.89) (2.64) (1.37) (5.59)
1422 1.43E+00 6.08E—-02 7.70E+00 4.23E+00 6.60E—02
(1.51) (1.31) (2.39) (1.39) (8.70)
1622 1.45E+00 6.02E—-02 9.09E+00 4.12E+00 5.85E-02
(1.03) (0.95) (1.88) (1.26) (9.54)
1822 1.44E+00 5.60E—-02 8.01E+00 3.71E+00 4.63E-02
(1.24) (1.15) (1.17) (1.53) (6.66)
2022 * 1.38E+00 5.84E-02 8.33E+00 3.90E+00 5.40E-02
(0.90) (0.73) (1.53) (0.78) (4.84)
2222 1.43E+00 5.59E-02 8.57E+00 4.02E+00 5.58E-02
(0.97) (0.87) (2.99) (1.16) (6.14)
2422 1.41E+00 5.37E-02 8.32E+00 3.91E+00 5.34E-02
(0.83) (0.72) (1.18) (0.85) (5.48)
2622 1.38E+00 5.10E-02 7.84E+00 3.77E+00 5.23E-02
(1.42) (1.27) (3.24) (1.78) (6.89)
2822 1.37E+00 4.91E-02 7.95E+00 3.71E+00 5.51E-02
(1.05) (0.94) (3.37) (1.68) (2.36)
3022 1.33E+00 5.03E-02 8.15E+00 4.49E+00 6.78E—-02
(1.70) (1.39) (1.41) (2.01) (1.45)
3222 1.28E+00 4.78E-02 7.25E+00 4.25E+00 6.42E-02
(1.26) (1.12) (1.30) (1.51) (5.37)
3422 1.23E+00 4.59E-02 7.60E+00 4.22E+00 5.88E—02
(1.64) (1.50) (2.78) (1.85) (2.01)
3622 1.10E+00 4.27E-02 7.24E+00 3.99E+00 5.97E-02
(0.97) (1.19) (1.20) (1.30) (0.89)
3822 8.31E-01 3.45E-02 7.74E+00 3.37E+00 6.29E-02
(1.44) (1.43) (1.57) (1.43) (1.54)
4030 3.63E-01 1.92E-02 7.44E+00 3.98E+00 7.65E-02
(1.23) (1.29) (1.18) (1.17) (1.80)
File ID KEI12
Comment DN23-10, 4mmSTP, 4mmColli.
Measurement date 1997/ 3/14
Decay correct date 1992/11/16
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Table 2.1.32. Measured data of 2F2DN23-11(KE04) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
362 5.60E-01 2.86E-02 8.51E+00 5.17E+00 8.71E-02
(1.21) (1.00) (1.20) (1.76) (2.56)
558 8.15E-01 4.21E-02 1.03E+01 3.55E+00 6.65E—02
(1.25) (1.03) (1.60) (1.77) (3.69)
762 1.15E+00 5.63E-02 1.02E+01 4.10E+00 7.16E-02
(1.05) (0.70) (0.70) (1.71) (3.10)
962 1.30E+00 6.27E-02 9.35E+00 4.34E+00 6.94E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1162 1.39E+00 6.43E-02 9.41E+00 4.58E+00 7.10E-02
(0.60) (0.58) (1.40) (0.58) (1.10)
1362 1.40E+00 6.41E-02 9.40E+00 4.56E+00 6.86E—02
(0.82) (0.75) (0.72) (0.77) (1.55)
1562 * 1.39E+00 6.34E—-02 9.53E+00 4.71E+00 7.37E-02
(0.80) (0.71) (0.84) (1.10) (2.16)
1762 1.41E+00 6.06E—02 8.66E+00 4.45E+00 6.65E—02
(0.93) (0.74) (0.74) (1.36) (1.38)
1962 1.37E+00 6.19E-02 9.39E+00 4.54E+00 6.64E—02
(0.95) (0.81) (1.03) (1.69) 4.79)
2162 1.39E+00 5.89E—-02 9.74E+00 4.46E+00 6.85E—-02
(0.54) (0.52) (0.57) (0.86) (1.04)
2362 1.37E+00 5.60E—-02 8.88E+00 4.35E+00 6.45E—-02
(1.05) (0.92) (1.83) (1.52) (0.92)
2562 * 1.33E+00 5.58E-02 8.79E+00 4.33E+00 6.71E-02
(0.81) (0.72) (0.91) (0.74) 4.79)
2762 1.33E+00 5.26E—-02 8.64E+00 4.24E+00 6.18E—-02
(0.74) (0.60) (0.61) (0.68) (3.30)
2962 1.31E+00 5.00E-02 8.82E+00 4.18E+00 6.28E—-02
(0.87) (0.72) (1.32) (1.20) (0.72)
3162 1.26E+00 4.72E-02 8.45E+00 3.99E+00 6.30E-02
(0.81) (0.70) (0.86) (1.29) (0.94)
3362 1.21E+00 4.40E-02 8.40E+00 3.78E+00 5.93E-02
(0.71) (0.68) 0.77) (0.96) (1.29)
3562 * 1.10E+00 4.36E-02 8.78E+00 3.82E+00 6.30E-02
(1.29) (0.98) (1.88) (1.07) (1.31)
3758 8.66E-01 3.76E-02 9.71E+00 3.40E+00 6.13E-02
(0.66) (0.64) (1.62) (0.68) (0.63)
3958 5.40E-01 2.83E-02 8.03E+00 4.78E+00 8.76E-02
(1.18) (1.02) (1.22) (1.63) (1.74)
4062 2.85E—-01 1.50E-02 8.09E+00 3.51E+00 7.04E-02
(1.58) (1.54) (1.99) (2.40) (5.23)
File ID KE04
Comment DN23-11, 4mmStep, 4mmColli.
Measurement date 1997/ 2/28
Decay correct date 1992/11/16
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Table 2.1.33. Measured data of 2F2DN23-12(KE03) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 6.38E-01 2.97E-02 8.67E+00 5.34E+00 9.72E—-02
(1.27) (1.16) (1.17) (1.15) (5.09)
582 9.62E—-01 4.04E-02 9.29E+00 3.08E+00 5.53E-02
(1.04) (0.82) (0.87) (0.81) (1.96)
782 1.29E+00 5.05E-02 8.53E+00 3.43E+00 5.97E-02
(0.69) (0.60) (0.80) (1.68) (1.88)
982 * 1.40E+00 5.61E-02 9.35E+00 3.81E+00 6.08E-02
(0.52) (0.43) (0.52) (0.52) (2.18)
1182 1.52E+00 5.75E-02 8.63E+00 3.83E+00 5.58E-02
(1.08) (0.91) (2.08) (1.21) (0.93)
1382 1.51E+00 5.98E-02) 9.71E+00 4.19E+00 6.07E—-02
(0.92) (0.80) (0.86) (0.80) (0.82)
1582 1.53E+00 5.64E-02 8.06E+00 3.95E+00 5.80E—02
(0.82) (0.64) (0.67) (0.65) (0.64)
1782 1.52E+00 5.58E-02 8.44E+00 4.05E+00 6.13E-02
(0.78) (0.57) (0.82) (0.61) (0.96)
1982 * 1.48E+00 5.81E-02 8.30E+00 3.99E+00 6.17E-02
(0.78) (0.79) (2.05) (0.75) 4.13)
2182 1.52E+00 5.37E-02 8.08E+00 3.80E+00 5.54E-02
(0.91) (0.81) (2.01) (0.84) (1.76)
2382 1.50E+00 5.07E-02 7.41E+00 3.76E+00 5.56E—-02
0.97) (0.84) (1.19) (1.35) (2.37)
2582 * 1.46E+00 5.13E-02 8.17E+00 3.83E+00 5.88E—02
(0.55) (0.52) (0.52) (0.92) (1.95)
2782 1.43E+00 4.68E—-02 7.65E+00 3.58E+00 5.48E-02
(0.68) (0.64) (1.41) (0.82) (0.66)
2982 1.39E+00 4.56E—-02 7.79E+00 3.60E+00 5.51E-02
(0.73) (0.55) (0.71) (1.00) (2.15)
3182 1.35E+00 4.45E-02 7.30E+00 3.55E+00 5.85E-02
(1.24) (1.05) (2.76) (1.08) (3.88)
3382 1.29E+00 4.08E—-02 7.35E+00 3.34E+00 5.61E-02
0.77) (0.68) (0.74) (0.86) (2.64)
3582 * 1.14E+00 4.01E-02 7.56E+00 3.33E+00 5.62E-02
(0.81) (0.64) (0.99) (0.65) (4.66)
3782 9.04E-01 3.44E-02 8.25E+00 2.89E+00 5.41E-02
(0.78) (0.61) 0.61) (1.41) (0.62)
3982 4.91E-01 2.40E-02 7.63E+00 4.41E+00 7.53E-02
(1.53) (1.32) (2.90) (1.82) (1.29)
File ID KEO03
Comment DN23-12, 4mmStep, 4mmColli.
Measurement date 1997/ 2/25
Decay correct date 1992/11/16
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Table 2.1.34. Measured data of 2F2DN23-13(KE14) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
382 6.63E—-01 3.18E-02 8.55E+00 5.55E+00 9.11E-02
(1.17) (1.08) (1.48) (1.08) (1.95)
582 1.04E+00 4.84E-02 9.73E+00 3.76E+00 6.55E-02
(0.70) (0.66) (0.98) (1.34) (1.97)
782 1.38E+00 5.59E-02 8.26E+00 4.04E+00 6.32E—-02
(0.73) (0.63) (0.73) (1.30) (0.84)
982 * 1.50E+00 5.99E-02 8.95E+00 4.20E+00 6.36E—02
(0.60) (0.49) (0.49) (0.77) (2.12)
1182 1.63E+00 6.04E-02 8.77E+00 4.33E+00 6.02E—-02
(0.98) (0.90) (1.83) (1.33) (0.92)
1382 1.66E+00 6.01E-02 8.15E+00 4.41E+00 6.34E—-02
(0.60) (0.52) (0.71) (0.52) (2.00)
1582 1.65E+00 5.88E—02 8.96E+00 4.34E+00 6.03E-02
(1.03) (0.92) (2.58) (0.92) (1.41)
1782 1.64E+00 5.87E-02 8.59E+00 4.46E+00 6.27E-02
(1.06) (0.90) (2.73) (1.17) (4.40)
1982 * 1.60E+00 6.02E—-02 8.68E+00 4.52E+00 6.47E-02
(1.28) (1.17) (2.95) (1.82) (1.24)
2182 1.63E+00 5.65E—-02 8.16E+00 4.30E+00 6.01E-02
(0.76) (0.62) (1.18) (1.75) 0.61)
2382 1.60E+00 5.25E-02 8.43E+00 4.38E+00 6.24E-02
(1.04) (0.89) (2.34) (0.98) (2.39)
2562 * 1.58E+00 5.28E-02 7.62E+00 4.14E+00 6.26E—02
(1.01) (0.91) (2.25) (0.94) (5.29)
2982 1.51E+00 4.95E-02 8.28E+00 4.13E+00 6.10E—-02
(0.95) (0.84) (2.60) (0.97) (1.78)
3082 * 1.43E+00 4.72E-02 7.67E+00 3.90E+00 5.70E-02
(0.90) (0.64) (1.05) (0.97) (2.85)
3382 1.39E+00 4.28E-02 7.19E+00 3.72E+00 5.44E-02
(0.62) (0.53) (0.66) (0.96) (1.78)
3582 * 1.24E+00 4.30E-02 8.13E+00 3.60E+00 5.90E-02
(0.70) (0.63) (1.69) (0.88) (2.79)
3782 9.73E-01 3.71E-02 8.31E+00 3.19E+00 5.60E—-02
(1.27) (0.91) (2.69) (0.96) (0.89)
3982 5.03E-01 2.41E-02 7.89E+00 4.70E+00 8.69E-02
(1.30) (1.21) (1.60) (1.76) (2.17)
File ID KE14
Comment DN23-13, 4mmStep, 4mmColli.
Measurement date 1997/ 3721
Decay correct date 1992/11/16
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Table 2.1.35. Measured data of 2F2DN23-14(KE02) (Decay corrected for zero cooling)

Position Activity ratio /Cs-137 (): error(%)
from top (mm) Spacer Cs-134 Eu-154 Ce-144 Ru-106 Sb-125
422 7.77E-01 3.90E-02 9.28E+00 5.94E+00 8.41E-02
(1.15) (p-83) (0.83) (1.14) (4.52)
622 1.29E+00 4.77E-02 7.86E+00 4.71E+00 6.21E-02
(0.92) (0.71) (1.61) (1.24) (2.17)
822 1.56E+00 5.58E-02 9.23E+00 5.43E+00 6.52E—-02
(1.02) (0.89) (2.18) (1.26) (1.90)
1022 1.71E+00 5.83E-02 8.32E+00 5.56E+00 6.35E—-02
(0.96) (0.78) (1.62) (1.40) (2.30)
1222 1.78E+00 5.61E-02 7.26E+00 5.60E+00 7.05E-02
(0.00) (0.00) (0.00) (0.00) (0.00)
1422 1.79E+00 5.89E—-02 8.42E+00 5.65E+00 6.68E—02
(0.75) (0.58) (0.79) (0.88) (0.59)
1622 1.72E+00 5.92E-02 8.82E+00 5.83E+00 6.72E-02
(0.86) (0.62) (1.05) (0.80) (2.17)
1822 1.73E+00 5.65E—-02 8.23E+00 5.78E+00 6.78E—-02
(0.82) (0.70) (0.92) (0.70) (0.98)
2022 * 1.69E+00 5.27E-02 7.53E+00 5.53E+00 5.98E-02
(2.21) (2.09) (3.64) (2.08) (2.87)
2222 1.72E+00 5.20E-02 7.20E+00 5.21E+00 6.26E—02
(0.00) (0.00) (0.00) (0.00) (0.00)
2422 1.70E+00 5.32E-02 8.32E+00 5.34E+00 6.10E—-02
(1.10) (0.94) (2.44) (1.34) (5.37)
2622 1.65E+00 5.01E-02 6.39E+00 5.23E+00 6.40E—-02
(1.26) (1.01) (1.31) (1.02) (3.53)
2822 1.63E+00 4.74E-02 7.38E+00 4.89E+00 6.18E—-02
(1.15) (1.03) (2.29) (1.38) (6.90)
3022 1.55E+00 4.71E-02 6.66E+00 5.03E+00 6.02E—-02
(1.05) (0.96) (1.00) (1.02) (5.24)
3222 1.51E+00 4.60E—-02 6.80E+00 5.06E+00 6.96E-02
(0.62) (0.48) (0.85) (1.06) (3.33)
3422 1.44E+00 4.54E-02 6.51E+00 4.99E+00 6.56E—02
(1.49) (1.29) (3.29) (2.05) (1.28)
3622 1.29E+00 4.40E-02 7.25E+00 4.70E+00 6.35E-02
(1.28) (1.12) (1.51) (1.67) (1.20)
3822 9.79E-01 3.68E—-02 7.29E+00 4.11E+00 7.01E-02
(0.87) (0.71) (1.06) (0.99) (2.72)
4022 4.16E-01 2.16E-02 7.25E+00 4.18E+00 7.43E-02
(1.91) (1.51) (1.93) (1.86) (1.63)
File ID KE02
Comment DN23-14, 4mmStep, 4mmColli.
Measurement date 1997/ 2/19
Decay correct date 1992/11/16
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Table 2.1.37. Fission yield data and the relative values to U-235T

Fission yield (Atom/100 fissions)

B. F. Rider NEDO-12154(C), ENDF-322.(1981)

Nuclide(T ) U-235T" U-238F* Pu-239T" Pu-241T"
Cs-132 (30.07 y) 6.186 6.014 6.715 6.707
Relative 1.00 0.97 1.09 1.08
Cs-133 (Stable) 6.700 6.757 7.005 6.321
Cs-134 (2.065 y)
Relative 1.00 1.01 1.05 0.94
Eu-153 (Stable) 0.1580 0.4003 0.3582 0.5393
Eu-154 (8.593 y)

Relative 1.00 2.53 2.27 3.41
Ce-144 (0.780 y) 5.495 4.553 3.739 3'3;4
Relative 1.00 0.83 0.68 :
Ru-106 (1.023 y) 0.4014 2.484 4.302 6.125
Relative 1.00 6.2 10.7 15.3
Ag-109 (Stable) 0.03019 0.2482 1.661 2.257

Ag-110m (0.684 y)

Relative 1.00 8.2 55 75
Sn-124 (Stable) 0.02381 0.04424 0.07902 0.03201
Relative 1.00 1.86 3.32 1.34
Sb-125 (2.758 y) 0.02904 0.04637 0.1151 0.04862
Relative 1.00 1.60 4.00 1.67

#1: Thermal neutron

#2: Fission spectrum neutron
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Table 2.1.38. Comparison of y-scanning activity ratio (NDA) with those of destructive

NT3G23-04 (KC03), UO, (U235 : 4.1%)

analysis (DA) at the end of irradiation in PWR

KCO03 No. 03 07 20 52 87
Meas. position

from grip (mm) 168 328 848 2128 3528

from top (mm) 193 353 873 2153 3553
Sampling position

from top (mm) 201 361 881 2161 3561
SF-95 No. 1-1 1-2 1-3 1-4 1-5
Meas. date 96.1.17 96.1.19 96.1.25 96.1.29 96.1.22
Burnup (GWd/t) 14.7 25.2 36.7 38.1 384
134CS/137CS
DA 0.646 1.11 1.55 1.56 1.31
NDA 0.596 1.10 1.57 1.57 1.31
Difference (%) +8.3"! +1.5 -1.3 —0.6 —0.2
154Eu/137CS
DA 2.37E-2 4.38E-2 5.87E-2 5.94E-2 4.95E-2
NDA 2.21E-2 4.29E-2 6.00E-2 5.99E-2 4.95E-2
Difference (%) +7.2" +2.3 2.2 —0.9 +0.2
144Ce/137CS
DA 13.2 12.4 12.4 11.2 12.3
NDA 13.7 12.7 12.3 11.9 12.4
Difference (%) —4.0" -2.3 +0.2 -5.5 —0.9

#1: Caused by large difference of measurement position between NDA and DA.
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Table 2.1.39. Comparison of y-scanning activity ratio (NDA) with those of destructive
analysis (DA) data at the end of irradiation in BWR

NT3G23-10 (KC04, 05), UO, (U235 : 2.6%), Gd,03(6.0%)fuel

Decay corrected at the end of irradiation (1992.06.19)

Sampling position 176 336 856 2136 3536
from top(mm)

SF-96 No. 1-1 1-2 1-3 14 1-5
Burnup (GWd/t) 8.0 16.8 28.9 29.6 24.7
134CS/137CS
DA 0.456 0.935 1.47 1.48 1.24
NDA 0.449 0.947 1.47 1.49 1.25
Difference (%) +1.5 -1.2 -0.6 -0.7 -0.6
154Eu/137CS
DA 2.56E-2 4.44E-2 6.03E-2 5.89E-2 5.17E-2
NDA 2.68E-2 4.56E-2 6.09E-2 5.97E-2 5.33E-2
Difference (%) —4.6 —2.6 -1.0 -1.4 -3.0
144Ce/137CS
DA 15.4 13.8 12.1 12.0 13.5
NDA 16.4 14.3 12.8 12.4 13.5
Difference (%) -6.2 -3.4 -5.4 -3.0 -0.0
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KH11 (G24-3)
Comynent G24-3, 4mmStap, 4mmColi
Measurement Data : 1998/9/21
End of Imed. : 1993/9/30

——(3-134/Cs-137 Decay Corr.
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Fig. 2.1.19. Axial profiles of activity ratios measured in NT3G24-C3 (KH11).
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KHO6 (G24-4)
Conmment: G244, 4mmStep, 4mmCoki
Measuroment Dats : 1998/9/7
End of lrad. : 1993/9/30
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Fig. 2.1.20. Axial profiles of activity ratios measured in NT3G24-A4 (KHO06).
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KHO9 (G24-5)

Conmment: G245, 4vmSten, 4ermCoki
Maasurement Data : 1998/9/18

]+Cs—l34/Cs-l.’i7 Decay Corr. ]
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Fig. 2.1.21. Axial profiles of activity ratios measured in NT3G24-C5 (KH09).
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kHO7 (G24-6)

Comment: G24-6, 4mmStep, 4mmColi
Massuroment Date : 1998/9/9
End of lmad. + 1993/9/30
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Fig. 2.1.22. Axial profiles of activity ratios measured in NT3G24-A6 (KHO07).
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KH12 (G24-8) [5=Cs-134/Cs-137 Decay Corr.]
Corrwrent: G24-8, 4nmStep, 4mmColi
Massursment Oata : 1998/9/22
End of rrad £1993/9/30
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Fig. 2.1.24. Axial profiles of activity ratios measured in NT3G24-A8 (KH12).
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KHO8 (G24-10) o (3-134/Cs-137 Decay Corr.
Comment: G24-10, 4mrmStep, 4mmCok
Measuremant Date : 1938/9/11
End of trad  1993/9/30
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Fig. 2.1.25. Axial profiles of activity ratios measured in NT3G24-B10 (KHOS).
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KH10 (G24-11) ~>—(s-134/Cs- 137 Decav Coer.]
Communt: G24~11, 4mmStap, 4mmColi
Measuremant Date : 1998/9/18
End of mad  1993/9/30
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Fig. 2.1.26. Axial profiles of activity ratios measured in NT3G24-D11 (KH10).
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KHOS (G24-12)
Commant: G24-12, 4mmStep, 4mmColi ——Cs-134/Cs-137 Decay Corr.

Measuroment Dats : 1998/9/4

End of lrad. : 1993/9/30
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Fig. 2.1.27. Axial profiles of activity ratios measured in NT3G24-B12 (KHO5).
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Fig. 2.1.28. Axial profiles of activity ratios measured in 2F2DN23-01.
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DN23-02
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Fig. 2.1.29. Axial profiles of activity ratios measured in 2F2DN23-02.
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2.2. Radiochemical Analyses of Spent Fuel Samples

Destructive analyses were carried out with a view to obtaining the experimental data on nuclide
compositions and burn-up rates of spent LWR fuels.

Nuclides were measured by o-ray and y-ray spectrometry and mass spectrometry after dissolving
the collected samples and separating the elements by anion exchange separation.

The destructive analyses of spent nuclear fuels began in 1995, and by 1999, a total 34 samples
had been analyzed. The analyses are for the elements U, Np, Pu, Am, Cm, and certain FP elements
starting with Nd.

Furthermore, starting in 1997, analyses of nuclide compositions were also carried out on
elemental Sm as well, in view of its importance in assessing criticality safety, given that this element
accounts for about 25% of the proportion of neutron absorption by all FP nuclides.

2.2.1. Samples and Analytical Items

(1) Samples

Samples were cut out of the spent fuel elements NT3G23 and NT3G24, which had been irradiated
for 2 or 3 cycles in the No. 3 reactor of Kansai Electric’s Takahama Nuclear Power Plant, and the spent
fuel assembly 2F2DN23 irradiated for 5 cycles in the No. 2 reactor of Tokyo Electric’s Fukushima No. 2
Nuclear Power Plant, to provide the samples for chemical analyses.

The cutting positions of various samples are shown in together with average burn-up
and sample No.

(2) Analytical Items
The nuclides of concern in the destructive analyses are as follows:

U isotopes (U-234, U-235, U-236, U-238)

Pu isotopes (Pu-238, Pu-239, Pu-240, Pu-241, Pu-242)

Am isotopes (Am-241, Am-242m, Am-243)

Cm isotopes (Cm-242, Cm-243, Cm-244, Cm-245, Cm-246, Cm-247)

Np isotopes (Np-237)

Nd isotopes (Nd-142, Nd-143, Nd-144, Nd-145, Nd-146, Nd-148, Nd-150)

Sm isotopes (Sm-147, Sm-148, Sm-149, Sm-150, Sm-151, Sm-152, Sn-154)

Gd isotopes (Gd-154, Gd-155, Gd-156, Gd-157, Gd-158, Gd-160): for fuels with Gd
FP radioactivity (Cs-134, Cs-137, Eu-154, Ce-144, Sb-125, Ru-106)

2.2.2. Samples Dissolution Method

The samples were collected by cutting circular slices 0.5 mm thick from respective positions with
a diamond cutter. A resin was injected to prevent the pellets from collapsing during cutting.
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The samples were dissolved with the use of the dissolution apparatus shown in installed
in an oy cell.

The dissolution apparatus is made up of 3 stages of gas washing bottles, a glass hood, a heater,
and an exhaust pump, while keeping in mind the prevention of contamination in the cell due to nitric acid
mists and FP gases (Ru-106, etc.) that are generated in conjunction with the dissolution operation.

The gas washing bottles were filled with a caustic soda solution as an acid neutralizer.

Each specimen (about 300 mg) that had been cut out of a fuel element was dissolved by heating
(about 100°C) in about 15 mL of 7 M nitric acid.

During observation at the time of dissolution, a general increase in black turbidity due to
insoluble residue was noted as the burn-up increased. The final dissolution end point was identified by

referring to the state of bubble generation in dissolving samples with low burn-up rates.

The dissolution time was about 1 hour. An example of dissolution behavior is summarized in
Table 2.2.1.

The dissolved sample solution was allowed to stand overnight or longer, then the supernatant was
collected in a vial with the use of a polyethylene pipette.

In other words, the insoluble residue and covering material in solution are not separated.

able 2.2.2 shows the solution collecting vial surface equivalent does rates and the dose rates of
the fuel sample specimens.

Table 2.2.1. Dissolution behavior of spent fuel sample

Progress time Temperature | Dissolution behavior
(min) §®)
0 Room temp. Start (addition of 15 ml of 7 M HNQj solution).
5 50 Dissolution was initiated with the finely bubbles.
15 80 NO x gas appeared in the solution.

Dissolved sample becomes blackish and then comes to seldom
be visible inside vial.
Yellow of the uranyl nitrate could be observed around the blackish

residue.
20 ~ 100 A turbid of the residue made the solution invisible inside vial.
30 The large bubbles were generated in the boiling solution.
60 End.
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Table 2.2.2. Surface equivalent dose rate of sample

Sample ID Sample specimen Aliquoting dissolved Collecting volume
(mSv/h) solution (USv/h) (drop) *
SF95-1 60 20 4
SF95-2 -——= 20 3
SF95-3 -——= 20 1
SF95+4 255 20 1
SF95-5 -——= 20 2
SF96-1 7 100 17
SF96-2 20 300 13
SF96-3 10 100 7
SF96+4 70 500 7
SF96-5 50 400 7
SF97-1 35 -——= 4
SF97-2 60 -——= 3
SF97-3 90 -——= 2
SF974 110 - 2
SF97-5 90 -——= 3
SF97-6 110 - 2
SF98-1 3 100 -
SF98-2 9 100 -——=
SF98-3 33 150 -
SF98—+4 52 400 -
SF98-5 17 300 -
SF98-6 16 600 -
SF98-7 15 300 -
SF98-8 11 200 -
SF99-1 40 400 4
SF99-2 180 700 2
SF99-3 140 380 1
SF99—+4 210 450 1
SF99-5 250 1700 2
SF99-6 170 800 2
SF99-7 170 1000 1
SF99-8 110 800 2
SF99-9 40 420 2
SF99-10 30 560 4

* 1drop=15ul
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2.2.3. Chemical Separation Metho

(1) Analytical Methods for Nuclide Compositions

For this study, we used the anion exchange separation method for the separation and purification
of elements, a surface ionizing mass spectrometer and an o-ray spectrometer for the measurement of
isotopic ratios, and the isotope dilution method for quantification of the elements.

Furthermore, the quantity of Np-237 was determined by o-ray spectrometry after its isolation and
purification, and the quantities of y-ray-emitting FP nuclides starting with Cs-137 were determined by
Y-ray spectrometry using an intrinsic Ge semiconductor detector.

The isotope dilution method is a technique in which a solution (SD = a spiked solution) that
contains an added enriched isotope (S = a spike solution) of the object element, and a solution (U = an
unspiked solution) without the addition of said isotope are prepared from the same sample, and the
quantities of specific nuclides in very small quantities are determined precisely from respective analysis
results.

In this case, the relation between a nuclide "i" in the sample to be quantitatively analyzed and a
nuclide "j" to be added can be expressed as

_ (I_RSD/RS).MS.S.
i i
Rop =Ry My
In this equation, C;j is the concentration of nuclide "i" in the sample to be quantitatively analyzed;
Sj is the concentration of nuclide "j" in the enriched isotope solution; R is isotopic ratio i/j; and M is the

weight at the time of preparation of the sample with an added enriched isotope. Since the quantity of
nuclide "i" can be thus determined essentially from relative values (Rgp, Ryy), this method is a technique

that is not influenced by the recovery rate in chemical separation.

On the basis of the above-mentioned method, the dissolved sample was divided into the following
portions: (1) one for an added sample; (2) one for an unadded sample; and (3) one for stock, then these
samples were prepared. (1) and (2) were used for ion exchange separation, and (3) was used mainly for
the measurement of y-ray spectra.

The compositions of enriched isotopes of analysis target elements used for preparing the spikes
are shown below.

Nuclide : atom% Nuclide : atom% Nuclide : atom% Nuclide : atom%
U-233:98.2840 Pu-238 : 0.00253 Nd-142 : 1.4602 Sm-144 : 0.0200
U-234:0.8425 Pu-239:0.01934 Nd-143 : 1.0008 Sm-147 : 0.1453
U-235:0.02090 Pu-240 : 0.08403 Nd-144 : 1.5503 Sm-148 : 0.1284
U-236: 0.00039 Pu-241 : 0.04925 Nd-145 :0.9135 Sm-149 : 0.1807
U-238 : 0.85180 Pu-242 : 99.8450 Nd-146 : 1.5148 Sm-150:0.1246

Nd-148 : 1.0824 Sm-152 : 0.7669

Nd-150 : 92.4780 Sm-154 : 98.6341
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The amount of an enriched isotope to be added as a spike must be added according to the amount
of the object nuclide in the sample. In this study, the amount of a spike to be added to each sample was
determined by estimating the burn-up from the measured Cs-137 y-ray radioactivity of a sample collected
from the dissolved fuel solution.

(2) Analytical Procedure

A flow diagram of the analytical procedure is shown in After a sliced pellet specimen
collected from a spent fuel was dissolved, about 1/1,000 to 1/3,000 of the solution was transferred to a
glass vial as a sample to be analyzed. Under a hood, this sample was transferred from the oy cell and
subjected to chemical separation. In carrying out the chemical separation, the amount of the sample to be
used in analysis was determined by referring to the Cs-137 radioactivity as determined by measurement
of the y-rays of each analysis sample.

The sample in the vial was diluted with nitric acid, then a fixed amount of the solution was
collected accurately to provide a sample to be spiked and a sample that was not to be spiked for chemical
separation, as well as a sample for measuring the y-rays of the FP nuclides.

For quantification, an accurate known amount of enriched isotope was added to the sample to be
spiked.

Next, a fraction for each target element was obtained by ion exchange separation, which will be
discussed later.

In these fractions obtained by chemical separation, the isotopic ratios of spiked samples and non-
spiked samples were measured by isotope dilution-mass spectrometry. The quantities of Nd, U, and Pu
were obtained at this point and the ratios of the numbers of atoms of these elements were determined.

Furthermore, o-ray spectra were measured on the non-spiked samples, and from the peak counts
of Pu, Am, and Cm isotopes on the same spectrum, the ratios of the numbers of atoms of these elements
were calculated. From these elementary ratios by o-ray measurement and the U/Pu ratio which can be
obtained by mass spectrometry, the ratios of Am and Cm per uranium were determined.

With regard to Np, in which no peaks can be obtained on the same spectrum by o-ray
measurement, and y-ray emitting FP nuclides, absolute values were obtained on the basis of the counting
efficiency, the amount of sample collected, etc., and divided by the concentration of uranium in the
sample, to find the ratio of the number of atoms per uranium.

In this analytical operation, the following two techniques were used to obtain more accurate
values.

One technique is to use a mixed spike in the isotope dilution method. This study used a mixed
spike consisting of U-233, Pu-242, and Nd-150 in order to determine the quantities of U-238, Pu-239, and
Nd-148.

A mixed spike solution can raise the accuracy of the results by adjusting the concentration (better
knowledge of the mixing ratio) in advance, since the amount added and its error do not affect the results.

The other technique to improve accuracy is to measure the o-ray spectrum of a sample solution
before chemical separation.
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More accurate o-nuclide radioactivity ratios can be obtained by determining o-radioactivity
ratios associated with Pu, Am, and Cm from the same spectrum and comparing the measured o-ray
spectrum of a Pu fraction isolated by ion exchange separation.

(3) Ion Exchange Separation [2]

a) Reagents and Instruments

Ion-Exchange Resin: Mitsubishi Chemicals (Ltd.) Diaion and gelled resin

Other Reagents: Tamapure-AA100 from Tama Chemical Industries (Ltd.) for nitric acid
and hydrochloric acid, and analytical reagent quality for the other reagents.

Ion-Exchange Column: made of glass; inner diameter, 3 mm and length, 90 mm; top
liquid reservoir, 30 mL

Intrinsic  Ge Semiconductor Detector for Low-Energy Measurements: EG&G Ortec
LO-AX (Be edge window)

Multichannel Analyzer: EG&G Ortec Model 7800

b) Operation

A schematic diagram for preparation of a dissolved sample and anion exchange separation is
shown in This scheme is divided into three parts, and each part consists of a sample
pretreatment (valence adjustment) and ion exchange separation:

(a) FP, Np, Pu, U separation: Diaion SA#100 resin (3 mm ¢ x 70 mm b yolume 0.5 mL);
mainly hydrochloric acid systems

(b) Np fraction purification: Diaion SA#100 resin (3 mm ¢ x 70 mm "; volume 0.5 mL);
hydrochloric acid systems

(¢) Cm, Am, Nd, etc., separation: CAO06Y resin (3 mm ¢ x 50 mm b volume 0.35 mL);
hydrochloric acid and methanol systems

Ion-exchange separation was carried out basically at room temperature, but in the nitric acid and
methanol systems for separating Cm, Am, Nd, etc., the temperature was kept at 28°C by circulating
water, which was temperature controlled in a thermostated vessel, through the column jacket.

The temperature could be controlled within + 2°C, but it did fluctuate to some extent due to the
air conditioning in the laboratory and the day and night temperatures outside.

The flow-out velocity of the eluate was 0.5-0.8 mL/h, though there were small differences
depending on the nature of solution.

Furthermore, in the separation of Cm, Am, Nd, etc., because some fractions are eluted in close

proximity, we proceeded while checking the radioactivity distributions of Am-241, Eu-152, and Ce-144
by y-ray scanning in the axial direction of the ion-exchange column.
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Moreover, we tried to reduce the corrosive environment under the working hood and in the
exhaust system by using as little hydrochloric acid as possible, and to simplify the separation scheme by
focusing on o-ray spectrum measurements in the separation and on the target elements in mass
spectrometry.

2.2.4. Isotopic Ratio Measurement and Radioactivity Measurement Methods

(1) Mass Spectrometry

(a) Equipment Used

The mass spectrometer used was a MAT-262 surface ionization-type multiple-detector mass
spectrometer equipped with 9 Faraday cups and one secondary-electron multiplier in the ion detector.

The configuration of the multiple detectors is shown in
(b) Measurement

Each fraction of U, Pu, Nd, Am, or Cm obtained by ion exchange separation was evaporated to
dryness under the hood and placed in a glove box for mass spectrometry, then it was dissolved in about
10 uL of 1 N nitric acid.

Next, 1/3 of the dissolved solution was applied on a rhenium filament ribbon (1 mm x 10 mm x
0.1 mm) with the use of a micropipette, then turned into oxides by passing a current of about 2A through
the filament.

The amount applied on the filament was about 1 pg, about 10 ng, about 5 ng, about 5 ng, and
< 1 ng for U, Pu, Nd, Am, and Cm, respectively, and about 50 ng and about 100 ng for Gd and Sm.

The filament assembly is a double filament system consisting of an ionization filament and an
evaporation filament for evaporating the sample. The filament magazine (13 samples) was attached to the

ion source section of the mass spectrometer, which was then evacuated (< 10_8 mb), and the respective
isotopic ratios were measured under the following conditions.

The isotopic ratios were measured by adjusting the evaporation filament current to 1.6-1.8 A,
1.5-1.7 A, 1.8-2.0 A, 1.8-2.0 A, and 1.9-2.1 A for U, Pu, Nd, Am, and Cm, and 1.7-1.9 and 2.1-2.3 A
for Sm and Gd.

Furthermore, the ionization filament current was adjusted (5.4-5.7 A) so as to keep the amount of
the Re-187 ion constant (output 100 mV).

The mass discrimination bias was measured by using NBS U-500 for U, NBS-947 for Pu, and
various reagents (Shin-etsu Chemicals) for Nd, Gd, and Sm, then corrections were made.

Since no standard materials are available for Am and Cm, the measured values were used as-is.
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(2) a-Ray Spectrum Measurement

(a) Equipment Used

Si Surface Barrier-Type Semiconductor Detector (SSB): EG&G Ortec product; effective
2

sensitive area 100 mm

Multichannel Analyzer: EG&G Ortec product, Model 7800

(b) Measurement

A portion of the spent fuel specimen dissolved solution and a portion or the whole of each
fraction after chemical separation were applied, respectively, to tantalum disks (24 mm ¢ x 0.1 mm t) and
o-ray source samples for o-ray spectrum measurement were prepared by tetraethylene glycol dispersion
and evaporation by high-temperature heating.

The distance between the SSB detector and the o-ray source sample was adjusted to 20-40 mm
and the measurement time was adjusted as appropriate (3,000-500,000 s) so as to make it possible to
obtain the necessary counts.

The o radioactivity ratios (Pu-238 + Am-241)/(Pu-239 + Pu-240), Cm-242/(Pu-239 + Pu-240),
Cm-244/(Pu-239 + Pu 240) were obtained from the o-ray spectra of the dissolved solutions, the
o radioactivity ratio Am-241/Cm-244/Cm-242 was obtained from the o-ray spectrum of the FP fraction,
and the a radioactivity ratio Pu-238/(Pu-239 + Pu-240) was obtained from the o-ray spectrum of the Pu
fraction.

Examples of the measured o-ray spectra are shown in Figs. 2.2.6-2.2.9] The amount of each
nuclide per uranium was calculated by using the value of (Pu-239 + Pu-240)/U calculated from the
quantities determined by isotope dilution-mass spectrometry of U and Pu as a reference.

The quantity of Np-237 was determined on the basis of the counts of Np-237 in the o-ray
spectrum measurement of the Np fraction, the count efficiency, the amount of dissolved solution used,
and the concentration of uranium in the dissolved solution, because the method using a reference ue
cannot be applied. The recovery rate of Np associated with chemical separation was evaluated as 0.95.

(3) 7-Ray Spectrum Measurement

(a) Equipment Used

Intrinsic Ge semiconductor detector: EG&G Ortec product
Multichannel analyzer: EG&G Ortec product, Model 7800
Spectral analysis: EG-BOB (JAERI 1277 (1973))

(b) Measurement
The y-ray spectra of the dissolved solutions were measured in order to compare them with the
Yy-ray spectra obtained by nondestructive measurement. The measured samples were from spent fuels

several (3-5.5) years after the end of irradiation. The spectra were measured on y-ray emitting nuclides
with relatively long lifetimes, such as Cs-134, Cs-137, Ce-144, and Eu-154.
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Furthermore, for reference purposes, spectra were also measured for Ru-106 and Sb-125, which
remain as insoluble residues and whose total amounts do not exist in the dissolved solution.

A portion of the dissolved solution was separated and diluted, and about 1 mL of the dilute

solution was placed in a polyethylene vial, weighed, and then measured with a measurement time ranging
from 160 ks to 320 ks.

The distance between the sample and the detector was set at 160 cm, and the configuration as

shown in was used.

Furthermore, the count efficiency was determined with the use of standard y-ray sources of
Cs-137 and Eu-152, and the radioactivity of each nuclide was calculated.

A typical example of a y-ray spectrum is shown in Fig. 2.2.11

By 2py  10Ng Sliced pellet
mixed spike Dissolution
aliquoting

Sample solution

A A ¢

Spiked sample Non - Spiked sample
v v

{ Chemical separation J

v v

Nd. U, Pu Nd. U, Np. Pu,

Sm Am, Cm. Gd
v v v \ ‘

( Mass—spectrometry ] [ a —spectrometry J [ 'y*spectrometryj

Non spiked spiked Np : 237 Bécs, YCs
Nd : 142—150 148,150 Pu : 238, (239+240) 159gy
Sm : 147—154 147,/154 Am : 241, 243 HCe, etc
U :234—238 238,233 Cm : 242, 244
Pu : 238—242 239,242
Am : 241—243
Cm : 242—247
Gd : 153—160

A A

[ Amounts of nuclides in terms of atoms,” U - atoms }

Fig. 2.2.3. Flow diagram for analysis of the spent fuel sample.
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—— Add of 1ml

>X O O m=

15. 5M HNO4, evaporate and dryness.

Repeat 3 times.

—— Add of 1m! 10M HCL, evaporate and dryness.

— Dissolve of 3m! 1M HCL,and add of 104 | 3M NHoOH - HCL.
Stand for more then 60min, evaporate and dryness.

Dissolve of 2ml 9M HCL-0.2M HNO,.

Rinse with 0.3ml 9M HCL-0. 1M HNO3, 2 times.
Add of 1ml 9M HCL-O. 1M HNO3.

——1.5ml 10M HCL.

—— 1.5m| 10M HCL-0. iM HI, 2 times.
Stand for overnight.

1.5ml 10M HCL-0. 1M HI, 2 times.
1+4m| 4M HCL.
r 2m) 0. 1M HNO;.

Anion exchange column.
at room temperature.

Diaion:SA#100 (3mm¢ x 50mm)

R | .
FP fraction [ Pu ] l NpAJ [:b::

|
evaporate and
dryness

(Mix up)

{Purification|

- Dissolve of 0.25ml 15.5M HNO3.
Add of 2.5ml| CH;0H.

Add of 0.7ml 1M HNO3-90%

—13.5ml 1M HNO3-90% CHsOH.
—1.3m! 0.5M HNO3-80% CHsOH.

—1.5ml 0.5M HNO3-80% CH30H.
2.2ml 0.5M HNO3-80% CH3OH.

Iml+aml 0.3M HNO3-80%
2.2ml 0. 3M HNO3-80% CH0H.
( 9ml 0. 3M HNO3-80% CH30H.

Anion exchange column.
Temperature:26+2°C

Diaion:CAOGY (3mm® x 50mmL)

|ClsJ[Slr]|GLd||iEuJ|C|[n/Sm]l |Alm| [N[cu

Fig. 2.2.4. Schematic diagram for the separation of dissolved solution (1/2).
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Np fraction (after first anion exchange)

| Add of 1ml 15.5M HNO3, evaporate and dryness.

Repeat 3 times. ‘

L Add of 1ml 10M HCL, evaporate and dryness.

| Dissolve of 3ml 1M HCL.and add of 101 3M NHyOH - HCL.
Stand for more then 60min, evaporate and dryness.

>< O O m o

Dissolve of 2m! 9M HCL-0.2M HNO3.
Rinse with 0.3m! 9M HCL-0. 1M HNO3, 2 times.

— 1.5ml 10M HCL.

—— 1.5m! 10M HCL-0. 1M HI, 2 times.
Stand for overnight.

1.5ml 10M HCL-0. 1M HI, 2 times.
_oml 4M HCL.
‘A‘— 3ml 4M HCL.

Anion exchange column. Diaion:SA#100 (3mm¢ x 50mml)
at room temperature.

I R 1
Purified Np

Fig. 2.2.4. Schematic diagram for the separation of dissolved solution (2/2)
- Np purification -.
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Center
. Faraday
(a) Ton optical system , Cup

Magnet

; Variable
- \ = Aperture Slit Faraday Cups SEM/lon Coupling

|
|
)

I' | lon Source

(b) Multiple detector configuration

Nd 142 143 144 145 146 148 150

Gd 152 154 155 156 157 158 160
UtPu 233 234 235 236 238 239 240 241 242
Am 241 242 243

Cm 242 243 244 245 246 247 248

Sm 147 148 149 150 151 152 154

Fig. 2.2.5. Ion optical system and variable multiple detector configuration for mass-spectrometer.
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Fig. 2.2.6. o-ray spectrum of dissolved solution before chemical separation.
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Fig. 2.2.7. o-ray spectrum of Neptunium fraction.
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(a) Sample

Diluted sample in the
10ml polyethylene vial Acryl plate (15mmt)
(about 1ml) -

Acry! cap (3mmt)

Ge—detector

A
A\ 4

160cm

(b) Standard source

4

Acryl plate (15mm

E: N
standard y-ray source

137 152
("'Cs. Eu) Acryl cap (3mmb)

\lﬂ =

Acry! plate (6mmt)
(Compensate for self
absorption of sample)

Ge-detector

160cm

Fig. 2.2.10. Allocation of sample/standard source and Ge-detector for y-ray measurement.
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2.2.5. Burn-Up Rate (Degree) Calculation Method

From the analysis results for the compositions of nuclides such as U, Pu, etc., obtained by
destructive analysis, the burn-up rate of the sample concerned was calculated by the following equation:[]

burnup rate (%FMA) = F = Nd—-148/U / Y(eff.)

x 100.
U, (1+Puw/U+(Am+Cm+Np)/U+F/U)

Here, F/U( is the number of fissions per initial uranium. The number of fissions (F) can be

obtained by dividing the amount of Nd-148 which is a stable FP isotope by the effective fission field
(Y(eft.)). The initial amount of uranium in the denominator is expressed as the sum of the total amount of
actinides such as U, Pu, etc., after irradiation and the number of fissions, as shown in the second term.
The value of the fission yield of Nd-148 relative to U-235, Pu-239, U-238, and Pu-241 was taken from
LA-UR-94-3106 (ENDF-349), by T. R. England and B. F. Rider, 1994/10, and the proportion of fission
of the above-mentioned 4 fissionable nuclides was determined by SWAT burn-up calculation cod®and
used as a weight to determine the value of Y(eff.).

Here, the analytical value of Nd-148 to be used in the burn-up calculation is the value at the end
of irradiation, but this value includes Nd-148 originating in the (n, y) reaction from Nd-147, which forms
during burning.

Furthermore, the value of the burn-up degree (GWd/t) was determined by multiplying the value

of the burn-up rate (%FIMA_= Fissions per Initial Metal Atom in percent) by 9.6. The error of burn-up
by this method is 3% or less™

2.2.6. Analytical Results and Errors

The analytical results for actinides and FP nuclides are shown in [Tables 2.2.3-2.2.12 for the
various samples cut from spent fuel rods. The analytical value of the isotopes is shown in the ratio of the
number of atoms per atom of initial uranium at the end of irradiation (atoms/IMA), but the value for
Pu-239 includes the amount of Np-239 because the correction is difficult. Furthermore, the value of each
isotope of Sm is the value at the time of analysis, because it is difficult to assess the contribution from Pm
during the cooling period until analysis.

In these tables, the value of the burn-up rate (degree) evaluated by the Nd-148 method and the
sampling position from the top of the fuel rod are also shown in numerical values.

The relative standard deviations of these results are within the following ranges, depending on the
nuclide and the measurement method.

In isotope dilution—mass spectrometry: Nd, Sm < 0.1%; U-235, U-238 < 0.1%; U-234 < 1%;
U-236 < 2%; Pu-239, Pu-240, Pu-241, Pu-242 < 0.3%; and Pu-238 < 0.5%.

In the measurement of isotopic ratios by o-ray measurement and mass spectrometry: Am-241,
Cm-243, Cm-244, Cm-245 < 2%; Am-243, Cm-246 < 5%; and Am-242m, Cm-242, Cm-247 < 10%.

In the measurement of isotopic ratios of Gd elements by mass spectrometry: < 0.1%.
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In the quantification of Np-237 by o-ray measurement: < 10%.

In the y-ray measurement: Cs-134, Cs-137, Eu-154 < 3%, Ru-106 < 5%, Sb-125, Ce-144 < 10%.

REFERENCES

Author(s) not given: Dissolution Test Group, Chemistry Department, Japan Atomic Energy
Research Institute. JAERI-M 91-010, 1991.

S. Usuda, N. Kohno, Sep. Sci. Tech., 23, 1119 (1988).

N. Kohno, K. Gunji, et al., “Abstracts of Papers,” Autumn Meeting of the Atomic Energy Society of
Japan, K26, 1991.

Standard Test Method for Atom Percent Fission in Uranium and Plutonium Fuel (Neodymium-148
Method), ANSI/ASTM E 321 - 79.

K. Suyama, T. Kiyosumi and H. Mochizuki, “Revised SWAT — The Integrated Burn-up Calculation
Code System,” JAERI-Data/Code 2000-027, May 2000 (in Japanese).
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Table 2.2.3. SF95: Destructive analytical results of actinide nuclides

for PWR spent fuel (UO,) sample, normalized in zero cooling
unit atoms/IMA

Sample ID SF95—-1 SF95-2 SF95-3 SF95—4 SF95-5
Sampling position 201 361 881 2161 3561
(from top, mm)

Initial After irradiation
Burnup (FIMA) 1.490E-02 2.536E—02 3.690E-02 3.822E-02  3.167E-02
Burnup (GWd/t) 14.30 24.35 35.42 36.69 30.40
U-234 3.680E-04 3.031E-04 2.605E-04 2.170E-04 2.175E-04  2.433E-04
U-235 4.108E-02 2.707E-02 1.956E-02 1.340E—-02 1.243E-02 1.563E-02
U-236 0 2.689E-03 4.020E-03 4.957E-03 5.041E-03 4.562E-03
U-238 9.585E-01 9.494E-01 9.420E-01 9.333E-01 9.330E-01 9.383E-01
U total 1.000E+00  9.795E-01 9.658E-01 9.519E-01 9.507E-01 9.588E—01
dU-235 1.401E-02 2.153E-02 2.769E-02 2.866E-02  2.545E-02
F5 1.120E-02 1.722E-02 2.221E-02 2.308E-02  2.053E-02
F5/Ftotal 0.752 0.679 0.602 0.604 0.648
dU-238 9.114E-03 1.655E—-02 2.524E-02 2.554E-02  2.018E-02
Np-237 1.364E-04 2.639E-04 4.302E-04  4.561E-04  3.249E-04
Pu-238 1.716E-05  7.122E-05 1.543E-04 1.588E-04 1.016E-04
Pu-239 (¥) 4207E-03 5.628E—03 6.164E-03 5.976E-03 5.608E-03
Pu-240 7.734E-04  1.525E-03 2.167E-03 2.187E-03 1.805E-03
Pu-241 3.642E-04 9.456E—04 1.466E-03 1.447E-03 1.138E-03
Pu-242 3.726E-05 1.810E-04 4.438E-04 4.716E-04  2.928E-04
Pu total 5.399E-03 8.351E—03 1.040E-02 1.024E-02 8.945E-03
Am-241 1.360E-05 2.314E-05 3.267E-05 2.320E-05 2.803E-05
Am—242m 1.809E-07 5.121E-07 7.711E-07 7.147E-07 5.612E-07
Am-243 2.625E-06 2.240E-05 7.878E-05 8.293E-05 4.307E-05
Am total 1.641E-05 4.606E-05 1.122E-04 1.068E—-04  7.166E-05
Cm-242 1.484E-06 7.541E-06 1.930E-05 2.288E-05 9.884E—-06
Cm-243 1.420E-08 1.217E-07 3.635E-07 3.889E—07 2.242E-07
Cm-244 2.644E-07 4.916E-06 2.498E-05 2.766E-05 1.038E-05
Cm-245 5.362E-09 1.908E-07 1.355E-06 1.542E-06  4.700E-07
Cm-246 2.554E-10 1.112E-08 1.017E-07 1.207E-07 1.959E-08
Cm total 1.768E-06 1.278E—05 4.610E-05 5.259E-05 2.097E-05
Pu+ Am+ Cm 5.417E-03 8.410E-03 1.055E-02 1.040E-02  9.038E-03
F8 3.697E-03 8.144E—03 1.469E-02 1.514E-02 1.114E-02
F8&/Ftotal 2.482E-01 3.211E-01 3.982E-01 3.960E-01 3.518E-01
U+ Np+Pu+ Am+ Cm +
Fission 1.000 1.000 1.000 1.000 1.000
F5 : U-235 fission = FIMA-F8 FIMA : Fission per Initial Metal Atom

dU-235 : U-235 depletion = U-235 (initial) — U-235 (after)
F8 : U-238 fission = dU-238 — (Pu + Am + Cm)
dU-238 : U-238 depletion = = U-238 (initial) — U-238 (after)

(*) : The Pu—239 at zero cooling includes the amount of Np—239.
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Table 2.2.4. SF95: Destructive analytical results of FP nuclides
for PWR spent fuel (UO,) sample, normalized in zero cooling
unit:atoms/IMA

Sample ID SF95-1 SF95-2 SF95-3 SF95+4 SF95-5
Sampling position 201 361 881 2161 3561
(from top mm)

Initial After irradiation
Burnup (FIMA) 1.490E-02 2.536E-02 3.690E-02 3.822E-02 3.167E-02
Burnup (GWd/t) 14.30 24.35 35.42 36.69 30.40
Nd-143 7.709E-04 1.190E-03 1.548E-03 1.560E-03 1.383E-03
Nd-144 5.416E-04 9.997E-04 1.545E-03 1.693E-03 1.311E-03
Nd-145 5.465E-04 8.840E-04 1.214E-03 1.247E-03 1.070E-03
Nd-146 4.645E-04 8.142E-04 1.213E-03 1.260E-03 1.023E-03
Nd-148 2.560E-04 4.401E-04 6.400E-04 6.638E-04 5.469E-04
Nd-150 1.143E-04 1.996E-04 3.009E-04 3.111E-04 2.496E-04
Nd total 2.694E-03 4.528E-03 6.462E-03 6.735E-03 5.583E-03
Cs—137 9.39E-04 1.62E-03 2.34E-03 2.43E-03 2.00E-03
Cs—134 4.16E-05 1.24E-04 2.50E-04 2.61E-04 1.80E-04
Eu-154 6.33E-06 2.02E-05 3.91E-05 4.11E-05 2.81E-05
Ce-144 3.21E-04 5.23E-04 7.54E-04 7.11E-04 6.40E-04
Sb-125 2.80E-06 5.52E-06 7.11E-06 6.04E-06 6.21E-06
Ru-106 1.00E-04 1.87E-04 3.06E-04 3.15E-04 2.71E-04
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Table 2.2.5. SF96: Destructive analytical results of actinide nuclides

for PWR spent fuel (UO,—Gd,05) sample, normalized in zero cooling
unit atoms/IMA

Sample ID SF96—1 SF96-2 SF96-3 SF96—4 SF96-5
Sampling position 176 336 856 2136 3536
(from top, mm)

Initial After irradiation
Burnup (FIMA) 8.115E-03  1.713E-02 2.938E-02 3.011E-02 2.520E-02
Burnup (GWd/t) 7.79 16.44 28.20 28.91 24.19
U-234 2.2000E-04 1.836E-04 1.548E-04 1.272E-04 1.271E-04 1.377E-04
U-235 2.6250E-02 1.968E-02 1.426E-02 8.746E-03  8.164E-03 1.006E-02
U-236 0 1.432E-03  2.430E-03 3.271E-03 3.329E-03 3.037E-03
U-238 9.7246E-01 9.657E-01 9.577E-01 9.473E-01 9.472E-01 9.519E-01
U total 9.9900E-01 9.870E-01 9.745E-01 9.594E—-01 9.588E-01 9.651E-01
dU-235 6.570E-03  1.199E-02 1.750E-02 1.809E-02 1.619E-02
F5 6.068E-03  1.035E-02 1.470E-02 1.523E-02 1.378E-02
F5/Ftotal 0.748 0.604 0.500 0.506 0.547
dU-238 6.780E-03 1.479E-02 2.519E-02 2.527E-02 2.057E-02
Np-237 6.148E-05 1.329E-04 2.176E-04 2.261E-04 1.883E-04
Pu-238 8.534E-06 4.171E-05 1.205E-04 1.248E-04 7.975E-05
Pu—239 (*) 3.764E-03 5.434E-03 5.974E-03 5.792E-03 5.494E-03
Pu-240 6.706E-04  1.482E-03 2.283E-03 2.307E-03 1.947E-03
Pu-241 2.588E-04 8.573E-04 1.479E-03 1.461E-03 1.188E—03
Pu-242 2.399E-05 1.587E-04 5.017E-04 5.319E-04 3.491E-04
Pu total 4.726E-03  7.973E-03 1.036E-02 1.022E-02 9.057E-03
Am—-241 5.908E-06 1.713E-05 2.808E—05 3.055E-05 2.121E-05
Am—-242m 1.198E-07 4.502E-07 6.305E-07 6.678E-07 5.551E-07
Am-243 1.123E-06  1.692E-05 8.687E—05 9.397E-05 4.971E-05
Am total 7.151E-06  3.449E-05 1.156E-04 1.252E-04 7.148E-05
Cm-242 8.359E-07 5.684E-06 1.601E-05 1.650E-05 1.096E—05
Cm-244 9.321E-08 3.015E-06 2.790E—-05 3.050E-05 1.248E—05
Cm total 9.291E-07 8.698E-06 4.391E-05 4.701E-05 2.344E-05
Pu+ Am + Cm 4.734E-03  8.016E-03  1.052E-02 1.039E-02 9.152E-03
F8 2.046E-03 6.774E-03 1.467E-02 1.488E-02 1.142E-02
F8/Ftotal 2.522E-01 3.955E-01 4.995E-01 4.941E-01 4.531E-01
U+Np+Pu+Am+Cm +
Fission 1.000 1.000 1.000 1.000 1.000
F5 : U-235 fission = FIMA-F8 FIMA : Fission per Initial Metal Atom
dU-235 : U-235 depletion = U-235(initial) — U-235 (after)
F8 : U-238 fission =dU-238 — (Pu + Am + Cm)
dU-238 : U-238 depletion = U-238 (initial) — U-238 (after)

(*) : The Pu—239 at zero cooling includes the amount of Np—239.
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Table 2.2.6. SF96: Destructive analytical results of FP nuclides

for PWR spent fuel (UO,—Gd,05) sample, normalized in zero cooling
unit: atoms/IMA

Sample ID SF96-1 SF96-2 SF96-3 SF96—4 SF96-5
Sampling position 176 336 856 2136 3536
(from top, mm)

Initial After irradiation
Burnup (FIMA) 8.115E-03 1.713E-02 2.938E-02 3.011E-02 2.520E-02
Burnup (GWd/t) 7.79 16.44 28.20 28.91 24.19
Nd-143 4.198E-04 7957E-04 1.192E-03 1.196E-03 1.071E-03
Nd-144 2.540E-04 5.934E-04 1.206E-03 1.242E-03 9.802E-04
Nd-145 2.956E-04 5.870E-04 9.469E-04 9.656E—04 8.367E-04
Nd-146 2.505E-04 5.326E-04 9.452E-04 9.700E-04 8.008E—-04
Nd-148 1.411E-04 2.978E-04 5.150E-04 5.277E-04 4.397E-04
Nd-150 6.556E-05 1.424E-04 2.525E-04 2.584E—-04 2.113E-04
Nd total 1.427E-03 2.949E-03 5.057E-03 5.160E-03 4.340E-03
Cs—137 4.89E-04 1.04E-03 1.77E-03 1.83E-03 1.49E-03
Cs—134 1.53E-05 6.68E-05 1.78E-04 1.86E-04 1.27E-04
Eu-154 3.57E-06 1.32E-05 3.05E-05 3.08E-05 2.20E-05
Ce-144 1.95E-04 3.72E-04 5.56E—-04 5.71E-04 5.20E-04
Sb—-125 2.73E-06 5.39E-06 6.97E-06 8.85E—-06 7.03E-06
Ru-106 6.36E—05 1.36E—-04 3.15E-04 2.90E-04 3.02E-04

Natural Gd unit : atoms%

Gd-154 2.2 2.043 2.004 1.922 1.889 1.938
Gd-155 14.8 0.702 0.903 0.812 0.571 1.474
Gd-156 20.5 34.86 34.43 34 34.05 34.09
Gd-157 15.7 0.092 0.116 0.095 0.059 0.178
Gd-158 24.8 40.5 40.63 41.09 41.26 40.6
Gd-160 21.9 21.55 21.43 21.57 21.74 21.18
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Table 2.2.7. SF97: Destructive analytical results of actinide nuclides
for PWR high burnup spent fuel (UO,) sample, normalized in zero cooling

unit atoms/IMA

Sample ID SF97-1 SF97-2 SF97-3 SF97—4 SF97-5 SF97-6
Sampling position 163 350 627 1839 2926 3556
(from top, mm)

Initial After irradiation
Burnup (FIMA) 1.843E-02 3.201E-02 4.392E-02 4.899E—02 4.922E-02 4.249E-02
Burnup (GWd/t) 17.69 30.73 42.16 47.03 47.25 40.79
U-234 3.800E-05 2.988E—04 2.387E-04 2.043E-04 1.903E-04 1.896E—04 2.082E-04
U-235 4.158E-02 2.376E-02 1.590E-02 1.043E-02 8.279E-03 8.029E-03 1.028E-02
U-236 0 3.140E-03 4.596E-03 5.354E-03 5.572E-03 5.576E-03  5.292E-03
U-238 9.584E-01 9.488E-01 9.372E-01 9.277E-01 9.241E-01 9.242E-01 9.305E-01
U total 1.000E+00  9.760E-01 9.579E-01 9.437E-01 9.381E-01 9.380E-01 9.463E-01
dU-235 1.782E-02  2.632E-02 3.252E-02 3.529E-02 3.576E-02 3.338E-02
F5 1.417E-02  2.034E-02 2.459E-02 2.657E-02 2.684E-02 2.507E-02
F5/Ftotal 0.769 0.636 0.560 0.542 0.545 0.590
dU-238 9.530E-03 2.119E-02 3.063E-02 3.430E-02 3.418E-02 2.787E-02
Np—-237 1.527E-04 4.049E-04 5.867E-04 6.629E-04 6.726E-04 5.591E-04
Pu—-238 2.369E-05 1.249E-04 2.580E-04 3.197E-04 3.186E-04 2.174E-04
Pu—239 (*) 3.826E-03 5.900E-03 6.188E-03 6.009E-03 5.948E-03 5.650E-03
Pu-240 9.264E-04 1.854E-03 2.449E-03 2.644E-03 2.625E-03 2.305E-03
Pu—241 4.182E-04 1.219E-03 1.667E-03 1.747E-03 1.731E-03  1.475E-03
Pu-242 6.079E-05 3.098E-04 6.406E-04 8.105E-04 8.199E-04 5.875E-04
Pu total 5.255E-03 9.407E-03 1.120E-02 1.153E-02 1.144E-02 1.023E-02
Am-241 1.473E-05 3.965E-05 4.845E-05 5.242E-05 5.258E-05 4.241E-05
Am—-242m 2.231E-07 8.687E-07 1.159E-06 1.212E-06 1.180E-06 9.589E-07
Am-243 4.354E-06 5.024E-05 1.380E—04 1.883E—04 1.894E-04 1.145E-04
Am total 1.931E-05 9.076E-05 1.876E-04 2.420E-04 2.431E-04 1.578E-04
Cm-242 2.098E-06 1.031E-05 1.808E-05 2.009E-05 1.871E-05 1.588E-05
Cm—243 2.431E-08 2.714E-07 6.775E-07 8.537E-07 8.487E-07 5.482E-07
Cm-244 4.856E-07 1.349E-05 5.553E-05 8.589E—05 8.601E-05 4.115E-05
Cm—245 1.055E-08 6.649E-07 3.626E-06 5.866E—06 5.743E-06 2.294E—06
Cm-—246 3.738E-10 4.082E-08  3.527E-07 7.194E-07 7.299E-07 2.399E-07
Cm—247 — 3.893E-10 4.790E-09 1.057E-08 1.035E-08 3.023E-09
Cm total 2.619E-06 2.477E-05 7.826E-05 1.134E-04 1.121E-04 6.012E-05
Pu+ Am + Cm 5.277E-03  9.522E-03 1.130E-02 1.189E—02 1.180E-02 1.045E-02
F8 4.253E-03 1.167E-02 1.933E-02 2.241E-02 2.238E-02 1.742E-02
F8/Ftotal 0.231 0.364 0.440 0.458 0.455 0.410
U+Np+Pu+Am+Cm +
Fission 1.000 1.000 1.000 1.000 1.000 1.000
F5 : U-235 fission = FIMA-F8 FIMA : Fission per Initial Metal Atom

dU-235 : U-235 depletion
F8 : U-238 fission
dU-238 : U-238 depletion

= U-235 (initial) — U=235 (after)

= dU-238 — (Pu+Am+Cm)

= U-238 (initial) — U-238 (after)
(*) : The Pu—239 at zero cooling includes the amount of Np—239.

126



Table 2.2.8. SF97: Destructive analytical results of FP nuclides

for PWR high burnup spent fuel (UO,) sample, normalized in zero cooling

unit: atoms/IMA

Sample ID SF97-1 SF97-2 SF97-3 SF97+4 SF97-5 SF97-6
Sample position 163 350 627 1839 2926 3556
(from top, mm)
After irradiation

Burnup (FIMA)  1.843E-02 3.201E-02 4.392E-02 4.899E-02 4.922E-02 4.249E-02
Burnup (GWd/t) 17.69 30.73 42.16 47.03 47.25 40.79
Nd-142 9.866E-06 2.454E-05 4.558E-05 5.745E-05 5.827E-05 4.283E-05
Nd-143 9.074E-04 1.383E-03 1.679E-03 1.745E-03 1.746E-03 1.621E-03
Nd-144 7.706E-04 1.462E-03 2.200E-03 2.591E-03 2.644E-03 2.167E-03
Nd-145 6.642E-04 1.064E-03 1.377E-03 1.497E-03 1.507E-03 1.354E-03
Nd-146 5.710E-04 1.028E-03 1.456E-03 1.644E-03 1.654E-03 1.400E-03
Nd-148 3.129E-04 5.452E-04 7.499E-04 8.371E-04 8.406E-04 7.244E-04
Nd-150 1.360E-04 2.510E-04 3.546E-04 3.993E-04 3.996E-04 3.381E-04
Nd total 3.372E-03 5.756E-03 7.861E-03 8.771E-03 8.849E-03 7.647E-03
Cs—137 1.15E-03 2.00E-03 2.75E-03 3.04E-03 3.06E-03 2.66E-03
Cs—134 5.30E-05 1.83E-04  3.25E-04  3.80E-04 3.81E-04 2.90E-04
Eu-154 8.12E-06  3.05E-05 5.09E-05 5.78E-05 5.73E-05 4.42E-05
Ce-144 3.35E-04 5.06E-04  6.15E-04 6.21E-04 6.20E-04  6.14E-04
Sb-125 4.69E-06  9.75E-06  9.46E-06 1.16E-05 1.43E-05 8.66E-06
Ru-106 1.16E-04  2.61E-04 4.11E-04 435E-04 2.61E-04 4.40E-04
Ag—110m 4.45E-08 3.69E-07 1.08E-06  2.11E-06 — 1.01E-06

(Sm: As for 3.96 years cooling time)
Sm—-147 247TE-04 3.320E-04 3.814E-04 3.997E-04 4.015E-04 3.839E-04
Sm-148 6.582E-05 1.921E-04 3.182E-04 3.761E-04 3.792E-04 2.913E-04
Sm-149 4.689E-06 6.352E-06 6.805E-06 6.300E-06 6.070E-06 6.138E-06
Sm-150 2.100E-04 3.966E-04 5.712E-04 6.466E-04 6.527E-04 5.407E-04
Sm-151 1.473E-05 2.126E-05 2.372E-05 2.351E-05 2.307E-05 2.040E-05
Sm—152 1.022E-04 1.495E-04 1.866E-04 2.033E-04 2.065E-04 1.887E-04
Sm—-154 2.202E-05 4.601E-05 7.011E-05 8.118E-05 8.190E-05 6.544E-05
Sm total 6.672E-04 1.144E-03 1.558E-03 1.737E-03 1.751E-03 1.497E-03
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Table 2.2.9. SF98: Destructive analytical results of actinide nuclides

for BWR spent fuel (UO,) sample, normalized in zero cooling
unit atoms/IMA

Sample ID SF98-1 SF98-2 SF98-3 SF98—4 SF98-5 SF98-6 SF98-7 SF98—-8
Sampling 4030 3902 3646 3377 2855 2014 1312 672
position
(from top, mm)

Initial After irradiation
Burnup (FIMA) 4.323E -03 2.761E—-02  3.848E-02 4.411E-02  4.582E-02 4.158E-02 4.105E-02 2.831E-02
Burnup (GWd/t) 4.15 26.51 36.94 42.35 43,99 39.92 39.41 27.18
U-234 0 4.961E-05 2.722E-04  2.214E-04 2.009E-04 1.935E-04 1.891E-04 1.987E-04 2.372E-04
U-235 3.900E-02 4.179E-03 1.764E-02  8.243E-03 6.040E-03 6.393E-03 9.173E-03 9.472E-03 1.565E-02
U-236 0 4.897E-04 3.580E-03  5.034E-03 5.326E-03 5.350E-03 5.181E-03 5.159E-03 4.289E-03
U-238 9.610E-01 9.879E-01 9.455E-01 9.401E-01 9.354E-01 9.323E-01 9.330E-01 9.328E-01 9.426E-01
U total 1.000E+00 9.926E-01 9.670E-01 9.536E-01 9.469E-01 9.443E-01 9.475E-01 9.476E-01 9.628E-01
dU-235 3.021E-03 2.136E-02  3.076E-02 3.296E-02 3.261E-02 2.983E-02 2.953E-02 2.336E-02
F5 2.474E-03 1.720E-02  2.490E-02 2.675E-02 2.627E-02 2.358E-02 2.335E-02 1.833E-02
F5/Ftotal 0.572 0.623 0.647 0.606 0.573 0.567 0.569 0.648
dU-238 4.840E-03 1.546E-02  2.088E—-02 2.562E-02 2.867E-02 2.803E-02 2.825E-02 1.839E-02
Np-237 2.388E-05 1.484E-04  3.359E-04  4.334E-04 3.876E-04 5.176E-04 4.590E-04 2.929E-04
Pu-238 3.134E-06 2.825E-05 1.167E-04 1.677E-04 1.935E-04 1.691E-04 2.082E-04 9.539E-05
Pu—-239 (*) 2.286E-03 3.357E-03 3.677E-03 3.774E-03 4.245E-03 5.280E-03 5.601E-03 5.316E-03
Pu-240 5.426E-04 1.111E-03  2.116E-03 2.436E-03 2.590E-03 2.607E-03 2.645E-03 1.800E-03
Pu-241 1.314E-04 4253E-04  8.833E-04 1.019E-03 1.157E-03 1.275E-03 1.338E-03 8.961E-04
Pu-242 1.659E-05 9.134E-05  4.544E-04 6.509E-04 6.821E-04 5.339E-04 5.347E-04 2.182E-04
Pu total 2.980E-03 5.012E-03  7.247E-03 8.047E-03 8.868E—03 9.865E-03 1.033E-02 8.326E-03
Am-241 1.015E-05 2.270E-05 3.229E-05 3.373E-05 3.685E-05 4.038E-05 4.332E-05 3.253E-05
Am—-242m 7.848E-08 2916E-07  4.914E-07 5.207E-07 6.308E-07 8.476E-07 8.822E-07 6.953E-07
Am-243 5.716E-07 6.844E-06  6.537E-05 1.114E-04 1.246E-04 1.093E-04 1.065E-04 3.190E-05
Am total 1.080E-05 2.984E-05  9.815E-05 1.457E-04 1.621E-04 1.505E-04 1.506E-04 6.512E-05
Cm-242 5.219E-07 3.520E-06 1.667E-05 2.224E-05 3.401E-05 5.824E-05 2.843E-05 1.133E-05
Cm-243 — 3.632E-08 3.069E-07 4.158E-07 4.842E-07 5.234E-07 5.806E-07 2.030E-07
Cm-244 3.017E-08 7.802E-07 1.654E-05 3.544E-05 4.874E-05 4.192E-05 4.372E-05 8.469E-06
Cm-245 — 1.598E-08  5.326E-07 1.299E-06 2.255E-06 2.408E-06 2.654E-06 3.813E-07
Cm-246 — — 7.412E-08 2.234E-07 3.722E-07 2.838E-07 2.908E-07 1.581E-08
Cm total 5.520E-07 4.352E-06  3.412E-05 5.962E-05 8.586E—-05 1.034E-04 7.568E-05 2.040E-05
Pu+ Am + Cm 2.991E-03 5.047E-03 7.298E-03 8.253E-03 9.116E-03 1.003E-02 1.055E-02 8.411E-03
F8 1.849E-03 1.041E-02 1.358E-02 1.737E-02 1.955E-02 1.800E-02 1.770E-02 9.979E-03
F8/Ftotal 0.428 0.377 0.353 0.394 0.427 0.433 0.431 0.352
U+Np+Pu+Am+Cm+
Fission 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
F5 : U-235 fission = FIMA-F8 FIMA : Fission per Initial Metal Atom

dU-235: U-235 depletion

F8 : U-238 fission

dU-238 : U-238 depletion
(*) : The Pu—239 at zero cooling includes the amount of Np—239.

= U-235 (initial) — U-235 (after)
=dU-238 — (Pu+ Am + Cm)
= U-238 (initial) — U-238 (after)
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Table 2.2.10. SF98: Destructive analytical results of FP nuclides
for BWR spent fuel (UO,) sample, normalized in zero cooling

unit: atoms/IMA

Sample ID SF98-1 SF98-2 SF98-3 SF98—4 SF98-5 SF98-6 SF98-7 SF98-8
Sampling position 4030 3902 3646 3377 2855 2014 1312 672
(from top mm)

After irradiation
Burnup (FIMA) 4.323E-03 2.761E-02 3.848E-02  4.411E-02 4.582E-02 4.158E-02 4.105E-02  2.831E-02
Burnup (GWd/t) 4.15 26.51 36.94 42.35 43.99 39.92 39.41 27.18
Nd-142 2.256E-06 2.839E-05 3.985E-05  7.147E-05 5.629E-05 4.38E-05 4.433E-05 2.037E-05
Nd-143 2.011E-04 1.260E-03 1.371E-03 1.413E-03 1.505E-03 1.53E-03 1.529E-03 1.225E-03
Nd-144 1.907E-04 1.407E-03 2.109E-03 2.468E-03 2.440E-03 2.12E-03 1.996E-03 1.236E-03
Nd-145 1.509E-04 9.808E-04 1.256E-03 1.383E-03 1.423E-03 1.31E-03 1.288E-03 9.475E-04
Nd-146 1.267E-04 8.607E-04 1.244E-03 1.454E-03 1.520E-03 1.37E-03 1.358E-03 9.050E-04
Nd-148 7.335E-05 4.673E-04 6.527E-04  7.499E-04 7.802E-04 7.09E-04 7.007E-04  4.821E-04
Nd-150 3.471E-05 2.030E-04 2.963E-04  3.480E-04 3.641E-04 3.33E-04 3.301E-04  2.205E-04
Nd total 7.798E-04 5.207E-03 6.968E-03 7.887E-03 8.089E-03 7.420E-03 7.247E-03 5.037E-03
Cs—137 2.84E-04 1.44E-03 2.31E-03 2.74E-03 2.76E-03 2.62E-03 2.71E-03 1.65E-03
Cs—-134 6.36E-06 5.71E-05 1.79E-04 2.50E-04 2.76E-04 2.69E-04 2.88E-04 1.24E-04
Eu-154 1.26E-06 1.06E-05 2.81E-05 3.73E-05 4.02E-05 4.53E-05 4.52E-05 2.64E-05
Ce-144 4.60E-05 3.03E-04 4.95E-04 5.85E-04 6.79E-04 5.82E-04 6.26E-04 4.74E-04
Ru-106 3.93E-05 1.12E-04 2.45E-04 2.78E-04 2.98E-04 2.50E-04 2.94E-04 1.69E-04

(Nd and 'y FP : As for zero-cooling)

Sm—147 7.737E-05 3.731E-04 5.006E-04  5.193E-04 4.899E-04 2.984E-04 4.535E-04 3.974E-04
Sm-148 9.624E-06 9.284E-05 2.462E-04  3.170E-04 3.252E-04 5.392E-06 2.980E-04 1.735E-04
Sm-149 1.017E-06 3.517E-06 4.080E-06  3.998E-06 5.913E-06 5.612E-04 6.709E-06  6.523E-06
Sm-150 5.305E-05 2.842E-04 5251E-04  6.135E-04 6.044E-04 2.005E-05 5.563E-04 3.821E-04
Sm-151 4.026E-06 1.293E-05 1.449E-05 1.535E-05 1.638E-05 — 2.066E-05 1.963E-05
Sm-152 3.492E-05 1.412E-04 2232E-04  2.435E-04 2.242E-04 1.931E-04 1.914E-04 1.530E-04
Sm-154 7.050E-06 2.896E-05 6.106E-05  7.464E-05 7.593E-05 6.766E-05 6.912E-05 4.534E-05
Sm total 1.871E-04 9.367E-04 1.575E-03 1.787E-03 1.742E-03 1.146E-03 1.596E-03 1.178E-03

(Sm SF98—1 ~—4: Asfor 5.5 years cooling time)
(SF98-5 ~ -8 : As for 5.9 years cooling time)
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2.3. Exponential Experiments of Spent Fuel Assemblies

In storage facilities and transportation vessels for light-water-reactor spent fuels in our country,
thick water layers and strong neutron-absorbing materials are provided between fuel assemblies, so that
there is no danger that criticality will be reached even if a new fuel is introduced. Incidentally, it is far
more difficult for spent fuels to attain criticality than new fuels, due to the wear of the nuclear fuel in the
reactor and the accumulation of fission products, which absorb neutrons strongly. This fact is the reason
for designations such as spent fuels, which means that they cannot any longer be used advantageously in
the reactor. Since the assumption that the burn-up of a fuel is not taken into consideration can become an
irrational restriction, especially regarding spent fuels with high initial concentrations (enrichments), each
country involved is now trying to introduce criticality safety management with burn-up taken into
consideration (i.e., to apply burn-up credit).

The basic idea required for criticality safety regulations is to demonstrate, by experimental data,
that the calculation codes to be used in design have sufficient reliability. However, the worldwide situation
as it exists today is that there are practically no appropriate benchmark data for systems loaded with spent
fuel. For this reason, in this project we obtained criticality benchmark data by noncriticality experiments
(exponential experiments), using spent fuel assemblies in Japan, and gathered information on the
compositions of fuels and data that can be used for validating the calculation codes.

2.3.1. Principle of an Exponential Experiment

(1) Exponential Decay Constant and Effective Neutron Multiplication Factor!

As shown in it can be seen that the natural flux decays as an exponential function in the
axial direction in a region pointing away to a certain extent from the neutron source in a fuel assembly
system provided with a steady point neutron source (external neutron source). If we represent the decay
constant (fundamental mode) as v, then the axial distribution of neutron flux can be expressed by Eq. (1)
(the Equation No. is also given in the figure). On the other hand, the radial distribution can be expressed
by Eq. (2) as a function of geometric buckling B>, and the effective neutron multiplication factor kefy of a
fuel assembly with an infinite length can be given by Eq. (3) (k.. is the infinite multiplication factor and M*
is the moving area). The state of formation and disappearance being balanced by the flow-in neutrons in
the axial direction can be expressed like Eq. (4) from the fact that material buckling is equal to B> - ¥, and
from this equation and Eq. (3), the relationship between kqfr and ¥ can be derived as in Eq. (5). Here, K is

called the buckling coefficient of reactivity, and has a characteristic such as increasing with increasing y
(refer to [Fig. 2.3.2). vy is measured in exponential experiments, but the v itself is a kind of eigenvalue that
provides criticality characteristics, and can be used for validating the calculation codes by comparing
directly with the results of axial buckling search calculation. Furthermore, if the value of K is calculated
by a reliable code, the kefy of a fuel assembly with an infinite length can be calculated by Eq. (5).
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(2) DS Method and SS Method

The exponential decay constant g can usually be obtained by fixing an external neutron source at a
certain position, moving in the axial direction, and measuring the neutron flux distribution (DS method),
but also the same y-value can be obtained from the distribution of neutron importance which can be
measured conversely by fixing the position of the detector and moving the neutron source (SS method)
(refer to This fact can also be seen in the measured examples of Furthermore, the
axial distribution of neutron flux was compared with that of neutron importance by solving Egs. (1) and (2)
of and thereby it was confirmed that the two methods give measured results in agreement even
when there is a compositional distribution in the axial direction™ The SS method is more advantageous for
improving the measurement accuracy of the y-value, since it is less likely to be affected by local property
changes (such as a support lattice with strong neutron absorption) in a fuel assembly than the DS method,
as seen in Moreover, the background distribution due to an inherent neutron source generating
from higher-order actinides in a spent fuel needs to be measured with high accuracy in the DS method, but
the SS method requires only one-point measurement at the detector location and so can nearly halve the
measurement time.

2.3.2. Spent Fuel Assemblies

The following four spent fuel assemblies were used in the experiments: C33 from the Kyushu
Electric Genkai Power Station No. 1 reactor (PWR 14 x 14; called assembly P14); J2R from the Kansai
Electric Ohi Power Station No. 2 reactor (PWR 17 x 17; called assembly P17); DN23 from the Tokyo
Electric Fukushima Power Station No. 2 reactor (BWR 8 x 8; called assembly B8); and G24 from the
Kansai Electric Takahama No. 3 reactor (PWR 17 x 17 for high burn-up degrees loaded with a gadolinia
fuel; called assembly HP17). The specifications and burn-up histories of these fuel assemblies are
assembled in Appendix.

The nuclide composition of the fuel in these fuel assemblies was determined as the radial averaged
composition in the region where the exponential decay constant had been measured, by combining chemical
analysis data, burn-up management data, and calculation results by burn-up codes (refer to

2.3.3. Experimental Method

A fuel assembly was placed vertically in a cage made of stainless steel provided on the base of a
pool 15-m deep at the JAERI examination facility, as shown in Aluminum spacers 4-mm thick
were placed at two locations in the assembly axial direction between the cage and the assembly so as to
adjust the gap to 3.5 cm or more. A **U fission counter with an outer diameter of 6 mm and an effective
length of 25.4 mm and a *°Cf neutron source with a diameter of 4 mm and a height of 2 cm were installed,
respectively, at the lower end of two stainless steel tubes with an outer diameter of 9.5 mm and a thickness
of 0.5 mm, and these stainless steel tubes were inserted in Al guide tubes with an inner diameter of 13 mm
and a thickness of 1.5 mm attached inside the assembly for the PWR assemblies and around the assembly
for the BWR assembly. The quantities mentioned in the above-mentioned were measured by
moving these stainless steel tubes in the axial direction of the assembly. The average water temperature of
the pool was about 25°C.
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2.3.4. Experimental Results

(1) Axial Neutron Flux Distribution Due to an Inherent Neutron Source

The measured axial distributions of neutron counts due to an inherent neutron source without using
the *>Cf neutron source are shown in This distribution contains information on the intensity of
an inherent neutron source originating mainly in the spontaneous nuclear fission of **Cm accumulated in
the fuel and on the neutron multiplication characteristics in the assembly, and is useful for validating the
burn-up and criticality calculation codes.

(2) Exponential Decay Constant

The values of exponential decay constant 7y in the assembly axial direction measured by exponential
experiments are shown in In the PWR assemblies, the radial arrangement of the *>Cf neutron
source and the detector was selected so as to be able to obtain decay constants of fundamental mode in a
region where the burn-up distribution at the axial center is flat.* > ® In the BWR assembly, the y-value
changed with the axial measurement location, and was smaller in the upper part than in the lower part.’
Furthermore, from a comparison with the analytical results, higher-order modes are mixed in the measured
v-values, and the measured values are about 10% smaller than the values of the fundamental mode (refer to

Bect. 4)]
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Table 2.3.1. Results of exponential experiments and analyses

(1) P14 and P17 assemblies

Assembly name P14 P17
Burnup (GWd/U) ' 40.2 39.0
Cooling time (yr) 13.5 14.5 54
Measured y (cm™) > 0.1247 0.1263 0.1156 0.1199
+0.0014 +0.0019 +0.0010 +0.0012
Measured ¢ ., (cm s’ 8,430 12,970
+ 660 + 360
CITATION calculation
¥ (cm™) 0.1261 0.1124
& (cm s 9,460 14,740
K (cm’) 46.55 44.56
Estimated ke 0.580 0.627
MCNP calculation
Kegr* 0.566 0.632

'Radial-average value in axial plateau region.
’The preceding measurements were made mainly by the DS-method, and the succeeding ones by the SS-method.
*The error value represents the scattering among the plural measurements.

‘o =0.002.
(2) B8 assembly

Detector Range of Measured Avg. Calculated y (/cm) C/E

pos. (cm)” fit. (cm)’ Y (/em) Buckl. search Fixed source
369 325-342 0.133 £0.001 — — 0.135 1.02
304 330-346 0.135 £0.002 0.135 0.149 0.134 0.99
265-276 0.135 £0.003 0.138 1.02
264 287-302 0.139 £0.002 0.140 0.150 0.136 0.97
225-240 0.140 £ 0.001 0.139 1.00
154 175-195 0.140 = 0.003 0.140 0.154 0.140 1.00
114-133 0.139 £0.002 0.141 1.01
94 117-133 0.146 £ 0.004 0.145 0.158 0.141 0.97
55-72 0.143 £0.002 0.142 0.99
69 92-107 0.144 £ 0.004 0.142 0.159 0.141 0.98
3047 0.140 £ 0.002 0.136 0.97

(E) ©

*Distance from lower end of active fuel.
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Table 2.3.1. (continued)

(3) HP17 assembly

Detector Range of Measured Calculated C/E
pos. (cm)* fit. (cm)* Y (/cm) Y (/cm)
140 108-124 0.127 £ 0.002 Buckling search
;0.1176 0.947
185 148-170 0.123 £ 0.002
200-218 0.126 + 0.002 Fixed source
;0.1161 0.935
230 244-262 0.121 £ 0.002
Average 0.1242 + 0.0028(E)

* Distance from lower end of active fuel.
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Fig. 2.3.1. Principle of exponential experiment.
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Neutron flux ¢ formed by a neutron source at ry;

Mo (r,E;r;) + S(E) d(r-r,) = 0 . (1)
Neutron importance ¢* measured by a detector at r,;

M#*¢*(r,E; 1,) + Zp(E) 8(r-r,) = 0 . )

Multiplying ¢* to Eq. (1) and ¢ to Eq. (2), integrating the products over the whole space and energy, and
subtracting each other;

[S(E) ¢*(r,E; 1,)dE=] Z5(E) o(r, ,E;1r;)dE 3)

which means that if the count rate distribution (R.H.S of Eq. (3)) is proportional to exp( —y | r -1 | ), the
importance distribution (L.H.S. of Eq. (3)) forms the same exponential function.

Fig. 2.3.3. Relation between DS- and SS-methods.

M, M* : Neutron transport and its adjoint operators.
S, Xp: Neutron source strength and detector reaction cross section.
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Fig. 2.3.5. Experimental setup at the fuel receiving pool of the Reactor Fuel Examination Facility
(REFEF).
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Fig. 2.3.6. (continued)

144



3. VALIDATION OF BURN-UP CODES

3.1. General

The burn-up calculation codes were validated by analyzing the various destructive analysis data of
SF95, SF96, SF97, SF98, and SF99. lists an outline of the various destructive analyses.
These data are data obtained by the same technique with reliability, and can be considered to be useful for
the benchmark of the calculation codes. In the "code accuracy evaluation," work was carried out to better
understand the calculation accuracy of SWATHand ORIGEN2.18 when using these data.

Samples irradiated with average spectra were selected as the samples to be analyzed. This means
that the natural uranium blanket section in use in the BWR fuels and samples obtained from locations close
to the top and bottom ends of the fuel were to be excluded from the object of the code accuracy evaluation.
As a result, SF96-1 (17 mm from the top end of the fuel), SF97-1 (4 mm from the top end of the fuel),
SF98-1 (natural uranium blanket section), SF98-2 (enriched uranium section but near the boundary
between the natural uranium blanket section and the enriched uranium), SF99-1 (natural uranium blanket
section), and SF99-10 (natural uranium blanket section) were excluded from the analysis objects.

Furthermore, the destructive test results for isotopes other than Sm isotopes are given as values
immediately after irradiation, but the data of **Pu are not corrected for the increases due to the decay of
“Np, which existed immediately after irradiation. In other words, it can be said that the experimental
value is in consequence the sum of *Pu and *’Np immediately after irradiation. Therefore, the calculated
value of **Pu + *’Np was used for the purpose of comparison with the experimental value of **Pu.
However, the contribution of the decay of 239Np 1S 3% at most, and whether or not this effect is
incorporated, the tendency with regard to the calculated results for ***Pu is not changed.

3.2. Equation for Accuracy Evaluation

For evaluation of the accuracy of the codes, the average value of C/E, i.e., the calculated amount
of an isotope divided by the experimental value, was calculated for each sample, and the dispersion of
population expressed by Eq. (3.2.1) was calculated.

2
1 n C C
ST.D. = R 32.1
n—1 ’El [[ E 1’ [E ]average ] ( :
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3.3. SWAT Analyses

3.3.1. Cell Configuration

A "single pin cell model," which is the basic pattern of the SWAT calculation, was used for the
SWAT analyses of the uranium fuels. This model consists of three regions, i.e., the "uranium pellet
region," the "clad region," and the "coolant region." And the assembly averaged water-to-fuel volume ratio
can presumably be conserved by adjusting the area of the coolant region. This assumption is considered to
be a good approximation for uranium fuels. The cell geometry data in the analysis of SF95 and SF97
samples are listed in Table 3.3.1, and the cell geometry data in the analysis of SF98 samples are listed in
However, in the case of a UO,-Gd,O; fuel, this cell configuration results in reproducing the
condition that it is surrounded entirely by UO,-Gd,O;. To avoid this condition, we decided to carry out our
analysis by considering a multiple-region cell where uranium fuel regions and water regions exist on top of
another around the UO,-Gd,O5 fuel. Table 3.3.2 lists the cell geometry data in the analysis of SF96
samples, and lists the cell geometry data in the analysis of SF99 samples.

Table 3.3.1. Cell geometry for SF95 and SF97

Radius (cm) Region
0.4025 Fuel
0.475 Clad
0.739716 Coolant

Table 3.3.2. Cell geometry for SF96

Radius (cm) Region
0.4025 Fuel
0.475 Clad
0.739716 Water
1.339091 Water
1.42126 Clad
1.729745 Fuel
1.794111 Clad
2.122887 Water
2.597006 Water
2.682922 Clad
3.128925 Fuel
3.200594 Clad
3.53293 Water
4.0009 Water
4.085952 Clad
4.500199 Fuel
4.575176 Clad
4.945487 Water
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Table 3.3.3. Cell geometry for SF98

Radius (cm) Region
0.529 Fuel
0.615 Clad
0.9221 Water (1) : Void
1.0555 Water (2)

Table 3.3.4. Cell geometry for SF99

Radius (cm) Region
0.529 Gd,0;:-UO,
0.615 Clad
0.91963 Water (Void)
1.046802 Water
1.4477895 Water
1.9915 Water (Void)
2.087967 Clad
2.568723 Fuel (UO,)
2.644215 Clad
2.976886 Water (Void)
3.140406 Water
3.444729 Water
3.950457 Water (Void)
4.04885 Clad
4.537708 Fuel (UO,)
4.623621 Clad
5.011769 Water (Void)
5.449857 Water

3.3.2. Temperature

The analysis is carried out by assuming that the temperature of the fuel pellet is constant at 900 K
and that the temperature of the clad is constant at 600 K. These temperatures are considered to be
adequate assumptions based on the temperature distribution of a typical LWR fuel. The temperature of the
coolant region affects the density of the number of atoms. Therefore, the temperature of the coolant was
determined on the basis of the following: First, in the analysis of samples obtained from PWR fuels,
temperatures were evaluated by assuming that the increase in coolant temperature in the axial direction is
proportional to the integrated power up to the sample position. If the coolant temperature at the reactor
core inlet is denoted by Ty, the effective fuel length by H, and the increase in coolant temperature at the
reactor core outlet by DT, the coolant temperature at a sample position "z" measured from the bottom of
the effective fuel length is expressed by the following equation:

AT T
T = T + —— [fcos | —z |d 3.3.1
(Z) inlet 'H -[0 8 [2H Z] < ( )
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The temperature of the coolant region as evaluated by Eq. (3.3.1) and using the axial sample positions
given in [Tables A.2.16—A.2.18 are shown in Tables 3.3.5-3.3.7.

Furthermore, in a BWR the quantity of heat passed to the coolant is not used for temperature rise
but for the formation of voids if voids begin to form, and thus the temperature is constant above a certain
region. This region was assumed to be the fourth node when the effective fuel length was divided into
24 nodes. The coolant temperature at each sample position is listed in [Tables 3.3.8 and B.3.9)

Table 3.3.5. SF95 : Temperature of coolant (K)

Sample Temp. (k)
SF95-1 593.04
SF95-2 592.75
SF95-3 589.37
SF95—+4 570.40
SF95-5 554.19

Table 3.3.6. SF96 : Temperature of coolant (K)

Sample Temp. (k)
SF96-1 593.05
SF96-2 592.82
SF96-3 589.62
SFo6—+4 570.82
SF96-5 554.28

Table 3.3.7. SF97 : Temperature of coolant (K)

Sample Temp. (k)
SF97-1 593.05
SF97-2 592.78
SF97-3 591.48
SF97—+4 575.83
SF97-5 559.14
SF97-6 554.21
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Table 3.3.8. SF98 : Temperature of coolant (K)

Sample Temp. (k)
SF98-1 551.60
SF98-2 553.07
SF98-3 556.00
SF98—4 559.15
SF98-5 559.15
SF98-6 559.15
SF98—7 559.15
SF98-8 559.15

Table 3.3.9. SF99 : Temperature of coolant (K)

Sample Temp. (k)
SF99-1 552.69
SF99-2 554.95
SF99-3 556.91
SF99—+4 559.15
SF99-5 559.15
SF99-6 559.15
SF99-7 559.15
SF99-8 559.15
SF99-9 559.15
SF99-10 559.15

3.3.3. Void Rate

The void ratios, which are important in the analysis of BWR fuels, were evaluated for use in the
analysis by reading a typical distribution of void ratios given in the application form for the reactor
installation permit by a scanner, converting it into numbers with a digitizer, and fitting the numerical data
to a quadratic function of axial position. The distribution of void ratios is shown in The
evaluated values of void ratios at the positions of the SF98 and SF99 samples are listed in
and
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Table 3.3.10. SF98 : Void ratio

Sample Void ratio (%)
SF98-1 0.0
SF98-2 0.0
SF98-3 3.0
SF98—4 11.0
SF98-5 32.0
SF98-6 54.5
SF98—7 68.0
SF98-8 73.0

Table 3.3.11. SF99 : Void ratio

Sample Void ratio (%)
SF99-1 0.0
SF99-2 1.4
SF99-3 5.8
SF99—+4 10.8
SF99-5 27.7
SF99-6 54.7
SF99-7 66.5
SF99-8 71.7
SF99-9 72.9
SF99-10 74.3

3.3.4. Power Histories

The power histories of the SF95 samples are listed in [Table A.2.21/] those of the SF96 samples are

listed in those of the SF97 samples are listed in Tables A.2.23 and those of the SF98
samples are listed in and those of the SF99 samples are listed in These data
were evaluated so as to give the burn-up degrees of the destructive test samples measured finally by the
Nd-148 method, on the basis of the power history data of the fuel assemblies or fuel rods as disclosed to

JAERL

3.3.5. Analytical Results by SWAT

The analytical results by SWAT are listed in[Tables 3.3.12-3.3.16)

As can be seen from these evaluations, the principal uranium and plutonium are analyzed with an
accuracy of 5% in the analysis of PWR-UQO, fuels by SWAT, and the dispersion is also small, i.e., 2% or
less. In the analysis of BWR-UO, fuels, the difference in the principal uranium and plutonium is larger
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than in PWR-UOQO, fuels and the agreement is within approximately 10%, but the dispersion is about 3%,
which is approximately the same as in the PWR-UO..

In the analytical results of the PWR-Gd,05-UQO, fuel (SF96), the differences from the experimental
values are within 10% in the C/E averages of principal uranium and plutonium, and larger than in the
PWR-UQ, fuels. This can be said to be a good agreement, considering that the fuel pellet is treated as a
separate region in the model used. In the analytical results of the BWR-Gd,05-UQO, fuel (SF99), the py
is characteristically underestimated, but the overall differences are within 10%, as seen in the PWR-Gd,O3-
UO:; fuel.

For the plutonium, the calculated value of 28py is underestimated by about 15%, which means that
attention is necessary when evaluating the number of emitted neutrons of spent fuels.

As to the minor actinides, the difference from the calculation is larger than for the principal
uranium and plutonium. For example, the **' Am of the SF95 samples shows a difference of 14%, and a
large dispersion of 27%. The other minor actinides are underestimated by nearly 20%. For example, the
**Cm which becomes important in the evaluation of the amount of emitted neutrons, is underestimated by
more than 20% overall, so it is clear that care must be taken when evaluating the amount of emitted
neutrons, as in the case of **Pu.

As to the isotopes of Sm, which become important in burn-up credit with FP taken into account,
data are obtained for the SF97, SF98, and SF99 samples. The calculated results for 2Sm showed
differences close to 20%, but the differences for the other isotopes were only about 10%. The difference
between the experimental value and calculated value of the '“Sm, which is important in evaluating
reactivity, is close to 10%, and the dispersion is also relatively large, i.e., about 5%, among the Sm
isotopes.

3.3.6. Analytical Results Without Considering Power Histories

The analytical results shown so far were obtained by considering accurate histories based on
disclosed data. However, it is sometimes impossible to evaluate such accurate histories in test results after
many irradiations, and also the evaluation of burn-up analysis results must be changed if the calculated
results change considerably with the evaluation of the histories. The results are shown in

From these tables, it can be seen that **' Am is largely affected by the burn-up history, but the other
principal U and Pu do not change all that much overall. For example, the average C/E value for **' Am was
1.14 when the history was taken into consideration, but if a constant history is assumed, the average C/E
value is 1.09, thus a change of 5% occurs. However, the average C/E value does not change for the *°U of
SF95, and, on average, the **'Pu shows no change either, though there are changes from sample to sample
(SF95-1); hence, it can be concluded that analysis can be carried out by assuming a constant power without
taking detailed histories into consideration, at least as far as the calculated values of the principal uranium
and plutonium go, which become important in the analysis of burn-up credit.

Furthermore, it is known that, in the case of FP, the calculated values of the Sm isotopes change,

depending on the history, but results different from those expected were obtained in which there were no
large changes in the calculated values of the Sm isotopes obtained in the SF97 samples.
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Table 3.3.12. SF95 : Results (C/E by SWAT)

Isotope SF95-1 SF95-2 | SF95-3 | SF95-4 | SF95-5 nbr Average stdv
U-234 1.023 0.928 1.193 1.181 0.866 5 1.04 0.15
U-235 1.010 1.022 1.013 1.015 1.008 5 1.01 0.01
U-236 0.948 0.930 0.948 0.950 0.942 5 0.94 0.01
U-238 1.000 1.000 1.000 1.000 1.000 5 1.00 0.00
Pu-238 0.832 0.778 0.881 0.877 0.837 5 0.84 0.04
Pu-239 1.044 1.006 1.016 1.009 1.011 5 1.02 0.02
Pu-240 1.006 0.980 1.012 1.014 1.008 5 1.00 0.01
Pu-241 1.006 0.944 0.963 0.966 0.964 5 0.97 0.02
Pu-242 0.949 0.895 0.929 0.936 0.938 5 0.93 0.02
Am-241 0.814 1.119 1.139 1.559 1.079 5 1.14 0.27
Am-242m 0.706 0.716 0.731 0.744 0.754 5 0.73 0.02
Am-243 0.862 0.847 0.902 0.918 0.880 5 0.88 0.03
Cm-242 0.752 0.658 0.612 0.532 0.784 5 0.67 0.10
Cm-243 0.588 0.550 0.649 0.629 0.555 5 0.59 0.04
Cm-244 0.766 0.660 0.778 0.761 0.770 5 0.75 0.05
Cm-245 0.896 0.704 0.849 0.787 0.789 5 0.81 0.07
Cm-246 0.374 0.429 0.701 0.685 1.050 5 0.65 0.27
Cs-134 0.900 0.852 0.889 0.887 0.871 5 0.88 0.02
Cs-137 0.983 0.971 0.981 0.978 0.988 5 0.98 0.01
Nd-142 0.757 0.875 0.810 0.834 0.902 5 0.84 0.06
Nd-143 0.968 0.969 0.967 0.974 0.973 5 0.97 0.00
Ce-144 0.970 0.976 0.951 1.044 0.983 5 0.98 0.04
Nd-144 0.989 0.977 0.989 0.955 0.986 5 0.98 0.01
Nd-145 0.996 0.997 1.001 1.006 1.005 5 1.00 0.00
Nd-146 1.000 0.990 0.990 0.989 0.996 5 0.99 0.00
Nd-148 0.999 0.993 0.998 0.997 0.999 5 1.00 0.00
Nd-150 0.967 0.977 0.973 0.975 0.986 5 0.98 0.01
Eu-154 0.865 0.786 0.793 0.764 0.786 5 0.80 0.04
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Table 3.3.13. SF96 : Results (C/E by SWAT)

Isotope SF95-2 | SF95-3 | SF95-4 | SF95-5 nbr Average stdv
U-234 1.056 1.044 1.039 1.050 4 1.05 0.01
U-235 1.011 1.010 1.014 0.998 4 1.01 0.01
U-236 0.947 0.950 0.948 0.957 4 0.95 0.00
U-238 1.000 1.001 1.001 1.001 4 1.00 0.00
Np-237 1.311 1.534 1.478 1.403 4 1.43 0.10
Pu-238 0.825 0.843 0.814 0.853 4 0.83 0.02
Pu-239 0.978 0.988 0.982 0.985 4 0.98 0.00
Pu-240 0.992 0.983 0.971 0.997 4 0.99 0.01
Pu-241 0.992 0.980 0.968 0.993 4 0.98 0.01
Pu-242 0.974 0.958 0.943 0.990 4 0.97 0.02
Am-241 1.382 1.197 1.057 1.368 4 1.25 0.15
Am-242m 0.715 0.800 0.701 0.721 4 0.73 0.04
Am-243 0.939 0.959 0.917 0.982 4 0.95 0.03
Cm-242 0.800 0.789 0.769 0.822 4 0.79 0.02
Cm-244 0.779 0.822 0.778 0.848 4 0.81 0.03
Cs-134 0.905 0.965 0.949 0.966 4 0.95 0.03
Cs-137 1.031 1.042 1.033 1.061 4 1.04 0.01
Nd-143 0.961 0.958 0.962 0.951 4 0.96 0.01
Ce-144 1.036 1.143 1.142 1.067 4 1.10 0.05
Nd-144 0.937 0.886 0.900 0.922 4 0.91 0.02
Nd-145 0.996 0.995 0.999 0.992 4 1.00 0.00
Nd-146 0.975 0.970 0.970 0.972 4 0.97 0.00
Nd-148 0.991 0.990 0.991 0.992 4 0.99 0.00
Nd-150 0.979 0.978 0.977 0.984 4 0.98 0.00
Eu-154 1.483 1.265 1.241 1.387 4 1.34 0.11
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Table 3.3.14. SF97 : Results (C/E by SWAT)

Isotope SF97-2 SF97-3 | SF97-4 | SF97-5 | SF97-6 nbr Average stdv
U-234 1.024 0.998 0.996 1.002 1.013 5 1.01 0.01
U-235 1.012 1.018 1.018 1.002 1.021 5 1.01 0.01
U-236 0.947 0.947 0.947 0.949 0.946 5 0.95 0.00
U-238 1.000 1.000 1.001 1.001 1.000 5 1.00 0.00
Np-237 0.951 0.985 0.966 0.938 0.943 5 0.96 0.02
Pu-238 0.834 0.839 0.820 0.798 0.838 5 0.83 0.02
Pu-239 1.027 1.038 1.033 1.007 1.044 5 1.03 0.01
Pu-240 1.033 1.044 1.034 1.027 1.039 5 1.04 0.01
Pu-241 0.978 0.992 0.989 0.964 0.998 5 0.98 0.01
Pu-242 0.943 0.950 0.945 0.940 0.946 5 0.94 0.00
Am-241 1.258 1.264 1.139 1.087 1.294 5 1.21 0.09
Am-242m 0.859 0.826 0.748 0.712 0.829 5 0.79 0.06
Am-243 0.875 0.901 0.892 0.877 0.907 5 0.89 0.01
Cm-242 0.985 1.072 1.131 1.190 1.070 5 1.09 0.08
Cm-243 0.632 0.670 0.676 0.655 0.661 5 0.66 0.02
Cm-244 0.739 0.765 0.754 0.732 0.778 5 0.75 0.02
Cm-245 0.780 0.816 0.796 0.754 0.841 5 0.80 0.03
Cm-246 0.640 0.673 0.651 0.629 0.676 5 0.65 0.02
Cm-247 0.569 0.616 0.608 0.592 0.589 5 0.59 0.02
Cs-134 0.830 0.869 0.903 0.896 0.878 5 0.88 0.03
Cs-137 0.982 0.982 0.991 0.989 0.982 5 0.99 0.00
Nd-143 0.994 0.995 1.000 0.990 0.995 5 0.99 0.00
Ce-144 0.896 0.977 1.067 1.075 0.956 5 0.99 0.08
Nd-144 1.002 0.971 0.955 0.952 0.969 5 0.97 0.02
Nd-145 1.014 1.016 1.020 1.019 1.013 5 1.02 0.00
Nd-146 0.989 0.984 0.983 0.982 0.986 5 0.98 0.00
Nd-148 1.007 1.007 1.008 1.008 1.008 5 1.01 0.00
Nd-150 0.999 1.000 1.000 1.001 1.004 5 1.00 0.00
Eu-154 0.789 0.800 0.793 0.779 0.807 5 0.79 0.01
Sm-147 1.042 1.028 1.018 1.023 1.033 5 1.03 0.01
Sm-148 1.044 1.051 1.042 1.032 1.062 5 1.05 0.01
Sm-149 0.859 0.893 0.960 0.960 0.887 5 0.91 0.05
Sm-150 0.983 0.971 0.964 0.955 0.979 5 0.97 0.01
Sm-151 0.986 0.980 0.967 0.933 0.995 5 0.97 0.02
Sm-152 1.222 1.259 1.268 1.265 1.240 5 1.25 0.02
Sm-154 0.984 0.984 0.979 0.971 0.991 5 0.98 0.01
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Table 3.3.15. SF98 : Results (C/E by SWAT)

Isotope SF98-3 | SF98—4 | SF98-5 | SF98—6 | SF98-7 | SF98-8 nbr Average stdv
U-234 0.997 0.994 0.987 1.057 0.990 1.001 6 1.00 0.03
U-235 1.075 1.105 1.066 1.034 1.102 1.069 6 1.08 0.03
U-236 0.948 0.946 0.946 0.933 0.924 0.915 6 0.94 0.01
U-238 0.999 1.000 1.000 1.000 0.999 0.998 6 1.00 0.00
Np-237 1.096 1.044 1.318 0.969 1.151 1.144 6 1.12 0.12
Pu-238 0.909 0.910 0.969 1.052 0.931 0.897 6 0.94 0.06
Pu-239 1.078 1.081 1.089 1.051 1.132 1.148 6 1.10 0.04
Pu-240 0.977 0.962 0.961 0.926 0.934 0.966 6 0.95 0.02
Pu-241 1.082 1.084 1.101 1.089 1.142 1.171 6 1.11 0.04
Pu-242 0.966 0.962 1.008 1.031 0.995 1.018 6 1.00 0.03
Am-241 1.029 1.035 1.102 1.220 1.289 1.353 6 1.17 0.14
Am-242m 0.814 0.825 0.842 0.836 0.978 0.952 6 0.87 0.07
Am-243 0.936 0.940 1.037 0.956 1.007 1.006 6 0.98 0.04
Cm-242 0.718 0.726 0.549 0.299 0.640 0.752 6 0.61 0.17
Cm-243 0.670 0.792 0.872 0.738 0.735 0.690 6 0.75 0.07
Cm-244 0.848 0.856 0.874 0.789 0.818 0.809 6 0.83 0.03
Cm-245 1.000 1.029 0.997 0.823 0.914 0.900 6 0.94 0.08
Cm-246 0.725 0.758 0.739 0.621 0.656 0.972 6 0.75 0.12
Cs-134 1.064 1.016 1.060 0.933 0.891 1.040 6 1.00 0.07
Cs-137 1.022 0.989 1.020 0.974 0.930 1.051 6 1.00 0.04
Nd-143 1.039 1.046 1.028 1.012 1.029 1.024 6 1.03 0.01
Ce-144 1.115 1.059 0.937 0.998 0.912 0.863 6 0.98 0.09
Nd-144 0.957 0.968 0.998 0.973 0.992 1.025 6 0.99 0.02
Nd-145 1.019 1.027 1.022 1.024 1.020 1.015 6 1.02 0.00
Nd-146 0.998 0.995 0.992 0.985 0.984 0.990 6 0.99 0.01
Nd-148 1.013 1.014 1.012 1.009 1.008 1.007 6 1.01 0.00
Nd-150 1.008 