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ABSTRACT

This report is part of a report series designed to document benchmark-quality radiochemical isotopic
assay data against which computer code accuracy can be quantified to establish the uncertainty and bias
associated with the code predictions. The experimental data included in the report series were acquired
from domestic and international programs and include spent fuel samples that cover a large burnup range.
The measurements analyzed in the current report, for which experimental data is publicly available,
include 38 spent fuel samples selected from fuel rods with a 2.6 to 4.7 wt % **°U initial enrichment,
which were irradiated in three pressurized water reactors operated in the United States and Japan and
achieved burnup values from 14 to 56 GWd/MTU. The analysis of the measurements was performed by
employing the two-dimensional depletion sequence of the TRITON module in the SCALE code system.
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1 INTRODUCTION

The current trend toward extended irradiation cycles and higher fuel enrichments of up to 5 wt % U has
led to an increase of the burnup range for discharged nuclear fuel assemblies in the United States that is
expected to exceed 60 GWd/MTU. Accurate analysis and evaluation of the uncertainties in the predicted
isotopic composition for spent nuclear fuel in the high burnup regime requires rigorous computational
tools and experimental data against which these tools can be benchmarked. However, the majority of
isotopic assay measurements available to date involve spent fuel with burnups of less than 40 GWd/MTU
and enrichments below 4 wt % **°U, limiting the ability to directly validate computer code predictions and
accurately quantify the uncertainties of isotopic analyses for modern, high-burnup fuel.

This report is part of a report series that documents high-quality radiochemical assay data against which
computer code predictions of the isotopic composition in high burnup fuel can be validated. Quantifying
and evaluating these uncertainties is fundamental for understanding and reducing the uncertainties
associated with predicting the high burnup fuel characteristics for spent fuel transportation and storage
applications involving decay heat, radiation sources, and criticality safety evaluations with burnup credit,
as well as for reactor safety studies and accident consequence analysis. The report series presents a
compilation of recently available isotopic measurements involving high burnup pressurized water reactor
(PWR) fuel as well as older isotopic measurements for low- and medium-range burnup fuel that can be
used for code validation purposes. Previous experiments were selected primarily on the basis of having
extensive fission product measurements.

The experimental data included in the report series were compiled from domestic and international
programs. The isotopic assay measurements include data for a total of 45 spent fuel samples selected
from fuel rods enriched from 2.6 to 4.7 wt % *°U and irradiated in five different PWRs operated in
Germany, Japan, Switzerland, and the United States. The samples cover a large burnup range, from 14 to
70 GWd/MTU. A summary of the experimental programs and measured fuel characteristics is listed in
Table 1.1.

The current report includes the experimental data and analysis of measurements for which information is
publicly available and was not obtained through multi-collaborative international programs. Data for

38 fuel sample measurements are presented in this report: 22 of domestic origin and 16 from experiments
carried out in Japan. The burnup range for these samples is 14 to 56 GWd/MTU. The Japanese
experimental data is publicly available in the Spent Fuel Isotopic Composition Database (SFCOMPO),
originally developed by the Japanese Atomic Energy Research Institute (JAERI) and now administered
by the Nuclear Energy Agency (NEA), a specialized agency within the Organization for Economic
Cooperation and Development (OECD). As indicated in Table 1.1, a second report documents the
analysis of experimental data acquired by Oak Ridge National Laboratory (ORNL) through participation
in two international programs: (1) “Actinides Research In A Nuclear Element” (ARIANE) and (2)
“Reactivity Tests for a Direct Evaluation of the Burnup Credit on Selected Irradiated LWR Fuel Bundles”
(REBUS), both coordinated by the Belgian company Belgonucleaire. A third report presents the analysis
of experimental data obtained by ORNL through participation in the MALIBU international program
coordinated by Belgonucleaire. Each of the three reports mentioned in Table 1.1 present information on
the radiochemical analysis methods and uncertainties, assembly design description and irradiation history,
and computational models and results obtained using the “Standardized Computer Analyses for Licensing
Evaluations” (SCALE) code system.'

Section 2 of the current report presents a summary of the experimental programs evaluated. The
radiochemical methods employed and the associated experimental uncertainties are provided in Section 3.



Information on the assembly design data and irradiation history is presented in Section 4, and details on
the computational models developed and simulation methodology used are shown in Section 5. A
comparison of the experimental results to the results obtained from code simulations with SCALE are

presented in Section 6.



Table 1.1 Summary of spent fuel measurements

Reactor - Measurement Experimental | Assembly | Enrichment | No. of Measurement Burnup(s)
(country) facility program name | design | (wt % *°U) | samples methods (GWdA/MTU)
T™MI-17 ANL YMP 15 x 15 4.013 11 ICP-MS, 44.8 —55.7

(USA) (USA) o-spec, y-spec
T™I-1 “ GE-VNC YMP 15 %15 4.657 8 TIMS, 22.8-299
(USA) (UsA) Q-spec, y-spec
Calvert Cliffs * PNNL, KRI ATM 14 x 14 CE 3.038 3 ID-MS, LA, 274—-443
(USA) (USA, Russia) o-spec, y-spec
Takahama 3 “ JAERI JAERI 17 x 17 2.63,4.11 16 ID-MS, 14.3-473
(Japan) (Japan) Q-spec, y-spec
Gosgen ” SCK-CEN, ITU ARIANE 15 x 15 3.5,4.1 3 TIMS, ICP-MS, 29.1,52.5,59.7
(Switzerland) (Belgium, Germany) a-spec, B-spec, y-spec
GKNII°® SCK-CEN REBUS 18 x 18 3.8 1 TIMS, ICP-MS 54.0
(Germany) (Belgium) a-spec, y-spec
Gosgen © CEA, PSI, SCK-CEN MALIBU 15x 15 43 3 TIMS, ICP-MS, 46.0,50.8, 70.4
(Switzerland) | (France, Switzerland ,Belgium) " a-spec, y-spec

“ Documented in current report.
* Documented in G. Ilas, I C. Gauld, and B. D. Murphy, 4nalysis of Experimental Data for High Burnup PWR Spent Fuel Isotopic Valtdatton—A RIANE and REBUS Programs (UO,
Fuel), NUREG/CR-6969 (ORNL/TM-2008/072), Oak Ridge National Laboratory, Oak Ridge, Tennessee (May 2008).
¢ Documented in G. Ilas, and 1. C. Gauld, and B. D. Murphy, Analysis of Experimental Data for High Burnup PWR Spent Fuel Isotopic Valldatton——MALIBU Program (UO; Fuel),
NUREG/CR-6970 (ORNL/TM-2008/13), Oak Ridge National Laboratory, Oak Ridge, Tennessee (May 2008).







2 EXPERIMENTAL PROGRAMS

This section provides a brief overview of the measured isotopic assay data compiled in this report for
code validation and a summary of the experimental programs from which they were acquired. A
description of the measurement techniques and experimental data and uncertainties is provided in
Section 3. T

2.1 DOMESTIC PROGRAMS
211 TMI-1

Measurements on 19 spent fuel samples from the Three Mile Island (TMI) Unit 1 reactor were performed
under the auspices of the U.S. Department of Energy (DOE) Yucca Mountain Project (YMP). Fuel rods
were obtained from two separate assemblies, identified as NJOSYU and NJ070G. Radiochemical
analyses were performed at two independent experimental facilities: Argonne National Laboratory (ANL)
and General Electric—Vallecitos Nuclear Center (GE-VNC). Measurements on 11 of the TMI-1 samples
from rod H6 of assembly NJO5SYU were performed in 1998 and 2000 at ANL;? whereas, the other eight
TMI-1 samples, from rods O1, O12, and O13 of assembly NJO70G, were analyzed in 1999 at GE-VNC.?
Fuel rod H6 had an initial enrichment of 4.013 wt % *°U and achieved local sample burnups from 45 to
56 GWd/MTU over two irradiation cycles (cycles 9 and 10). Rods O1, 012, and O13 had an initial
enrichment of 4.657 wt % *°U and achieved burnups between 22 and 30 GWd/MTU in one irradiation
cycle (cycle 10).

Previous benchmark calculations performed using these measurements have yielded uncharacteristically
large deviations in isotopic results in comparison with past experience: YMP has published results
indicating deviations in the predicted *°Pu concentrations that ranged up to 30-40% higher than the
measurements.’ Past experience with other spent fuel samples evaluated by ORNL (and YMP) have
yielded lower deviations as compared to measurements.” The large deviations obtained by YMP were
inconsistent with the results observed for similar burnup samples from the Takahama-3 reactor® and also
differed from literature results for spent fuel validation for the French Gravelines reactor’ obtained using
French codes and data.

Investigations have been performed by Electric Power Research Institute (EPRI), following indications of
fuel leakage during TMI-1 cycle 10, to examine the causes of fuel rod failure, as it is mentioned in the
abstract for the TR-108784-V1 report.® As the fuel failure phenomena introduce additional uncertainties
related to the actual operating conditions of the fuel that may affect the accuracy of code predictions,
these type of uncertainties and their importance to the fuel simulations would need to be accounted for in
a comparison of predicted and experimental isotopic assay data. Because no details are publicly available
on the actual location or description of the failed fuel rods in cycle 10 and their relationship with the fuel
rods for which measured isotopic assay data is presented here, no assessment of the impact of the failed
fuel on the calculated results can be made based on the currently available unrestricted information.

2.1.2 Calvert Cliffs

The measurements on three spent fuel samples from Calvert Cliffs Unit 1 reactor considered in this report
were carried out at the Material Characterization Center at Pacific Northwest National Laboratory
(PNNL) for the Approved Testing Material (ATM) Program9 designed to characterize medium-burnup
spent fuel representative of reactors operating in the United States. Lanthanide measurements for the
same three samples have been also performed at Khoplin Radium Institute (KRI) in Russia.'° These three



samples were selected from rod MKP-109 of assembly D047 that was irradiated in the reactor for four
consecutive cycles. The assembly had an initial fuel enrichment of 3.038 wt % >**U, and the samples
under consideration covered a burnup range from 27 to 44 GWd/MTU.

The PNNL data served as the basis of a benchmark for validating irradiated fuel used in criticality
calculation]s 12 and was used for the OECD/NEA burnup credit criticality safety calculation benchmark
Phase I-B."”

2.2 INTERNATIONAL PROGRAMS
2.2.1 JAERI (Takahama-3)

From 1990 to 1999, JAERI carried out a series of projects focused on obtaining high-quality experimental
isotopic assay and criticality data to support the development of burnup credit for storage and
transportation of spent fuel. The measurements included destructive radiochemical analyses of spent fuel
samples, axial gamma scanning of spent fuel rods, and exponential experiments on spent fuel assemblies.
The measured data were used by JAERI for evaluating the accuracy of depletion or criticality
computational tools.

Sixteen samples selected from three fuel rods irradiated in assemblies NT3G23 and NT3G24 of the
Takahama-3 reactor were included for destructive isotopic analyses. Five of these samples belonged to a
U0,-Gd,0; fuel rod with a 2.63 wt % 2*°U initial enrichment; whereas, the other 11 samples were from
two UQ, fuel rods with an initial enrichment of 4.11 wt % °U, The burnup of these samples was
between 14 and 47 GWd/MTU.



3 ISOTOPIC MEASUREMENTS

3.1 TMI-1 SAMPLES
3.1.1 ANL Measurements

The radiochemical analysis at ANL considered 11 samples from fuel rod H6 of TMI-1 assembly
identified as NJO5YU, cut from rod segments provided by GE-VNC. The samples for analysis were
prepared by dissolution of an approximately 0.1-0.2 g aliquot of homogenized fuel sample powder.
Analyses were carried out by using inductively coupled plasma mass spectrometry (ICP-MS),
y-spectrometry, and oc-spectrometray to determine the isotopic mass of 31 nuclides. The results were
reported relative to the measured *®U content in the sample, as g/g ***U. Two measures of the
experimental uncertainty, a within-sample precision and a bias uncertainty, were provided by ANL. The
within-sample precision was estimated by ANL as one standard deviation through repeated measurements
of samples, whereas the bias uncertainty was estimated from deviations of quality control standard
solutions measured before and after fuel samples; the bias uncertainty included the propagation of error
for normalization to >*U.2

The main experimental techniques used for each nuclide and the reported corresponding experimental
uncertainties” are presented in Table 3.1. In addition to the bias values shown in the table, a bias
uncertainty of 3.8% was reported for **U; but no explanation was provided on the significance of this
value; it is assumed here that it refers to the 2**U concentration measured directly. The within-sample
precision shown in the fifth column of the table was calculated so that it accounted for error propagation
due to normalization of the concentration to the ***U content, as:

2
_ reported ) reported
o within—sample — \/(o-l \within-sample + (O' 8y within-sample (3 -1 )

where i identifies the nuclide. The total uncertainty for the measured concentration of a nuclide i
expressed relative to the **U content is shown in the sixth column of Table 3.1 and was obtained by
combining the within-sample uncertainty, calculated as in Eq. 3-1, and the reported bias, as:

2 reported )2
O-i,lola/ - \/(O-i,wilhin—sample) + (o-i,bia.\' (3 '2)

The total uncertainty is 3.7% for 23U, in the range 5—8% for plutonium nuclides, and about 5 - 7% for
neodymium isotopes.

The reported results of the radiochemical analyses performed on TMI-1 samples at ANL? are shown in
Table 3.2. In order to be compared with measured data obtained from other experimental programs, the
experlmental results were also expressed in units of g/g Uiy, as shown in Table 3.3, using the initial
uranium content in the sample as a basis. The concentration in g/g Ui,ia of nuclide i was determined as: 14

o (3-3)

Zmu +Zmp,, +Zm,,m +ch,,, +2381;;"}"”




where m; is the mass of isotope i as reported in g/g 28U measured. The denominator in Eq. (3-3) is an

estimate of the initial uranium content as a sum of the actinide (uranium, plutonium, americium, curium)
weights in the measured sample and the weight loss in initial uranium due to burnup, The reduction in
m

148,

heavy metal mass due to burnup is approximated by 238 Ta8 }i, , where Y is the average fission yield of

5Nd. A value ¥ =0.0176 is recommended for PWR UO, fuel."* Note that my, =1 in Eq. (3-3). The

relative standard deviations associated to the nuclide concentrations shown in Table 3.3 are assumed to be
similar to the total uncertainty values in Table 3.1. No error propagation was carried out on the ratio in
Eq. (3-3).

3.1.2 GE-VNC Measurements

The measurements performed at GE-VNC” considered eight samples selected from three fuel rods from
assembly NJO70G. Most of the 32 nuclides for which isotopic concentrations were measured at GE-VNC
were determined by using thermal ionization mass spectrometry (TIMS) and some through y- or
a-spectrometry. The nuclide concentrations in the samples measured by TIMS were determined from
measurements of spiked and unspiked samples. The nuclide content was reported as g/g 28U, The main
experimental techniques used for each nuclide and the corresponding experimental uncertainty as reported
are presented in Table 3.4. The experimental errors, reported by GE-VNC as relative uncertainty at a
95% confidence level, are shown in the third column of the table. The relative standard deviation (RSD)
shown in the fourth column of the table was obtained as half of the reported uncertainty at a 95%
confidence level. The RSD for the GE-VNC measurements is 0.6% for all plutonium nuclides except for
23puy, 0.5% for 2°U, and 0.8% for neodymium isotopes.

The reported results of the radiochemical analyses performed on TMI-1 samples at GE-VNC’ are shown
in Table 3.5. The measured resuits, expressed using the initial content of uranium in the sample as a
basis, are presented in Table 3.6. The unit conversion was done by using Eq. (3-3).



Table 3.1 Experimental techniques and uncertainties for
TMI-1 samples measurements at ANL

Within-sample

.Rt?ported Repf)rted precision Total ¢
Nuclide ID Method * wnthm-§ gmple blas' accounting for uncertainty
precision uncertainty s 238
o o normalization to ~"U (%)
(%) (%) ) (%)

U-234 ICP-MS 3.0 2.7 34 4.4
U-235 ICP-MS 1.5 29 23 3.7
U-236 ICP-MS 4.6 3.1 49 5.8
- U-238 ICP-MS 1.7 4.2
Np-237 ICP-MS 4.1 34 44 5.6
Pu-238 a-spec 6.8 3.6 7.0 7.9
Pu-239 ICP-MS 43 33 4.6 5.7
Pu-240 ICP-MS 5.1 3.1 54 6.2
Pu-241 ICP-MS 3.2 2.9 3.6 4.6
Pu-242 ICP-MS 59 2.8 6.1 6.7
Am-241 y-spec 6.1 3.1 6.3 7.1
Am-242m ICP-MS NA 3.1 3.1
Am-243 ICP-MS 42 3.8 4.5 5.9
Mo-95 ICP-MS 1.7 34 24 4.2
Tc-99 ICP-MS 2.7 7.3 32 8.0
Ru-101 ICP-MS 1.6 53 23 5.8
Rh-103 ICP-MS 1.5 3.1 2.3 3.8
Ag-109 ICP-MS 4.7 3.1 5.0 5.9
Cs-137 ¥-spec 3.6 2.7 4.0 4.8
Nd-143 ICP-MS 3.5 3.9 3.9 5.5
Nd-145 ICP-MS 4.8 3.5 5.1 6.2
Nd-148 ICP-MS 4.2 5.5 4.5 7.1
Sm-147 ICP-MS 33 9.4 3.7 10.1
Sm-149 ICP-MS 7.1 3.5 7.3 8.1
Sm-150 ICP-MS 3.5 3.2 3.9 5.0
Sm-151 ICP-MS 6.1 3.2 6.3 7.1
Sm-152 ICP-MS 2.7 3.2 32 4.5
Eu-151 1CP-MS 12.0 2.9 12.1 12.5
Eu-153 ICP-MS 3.9 3.0 43 52
Eu-155 y-spec 6.4 2.7 6.6 7.2
Gd-155 ICP-MS 6.8 3.8 7.0 8.0

“ Main technique is listed; some nuclides require multiple techniques to eliminate interferences.

? Calculated as shown in Eq. 3-1,
¢ Calculated as shown in Eq. 3-2.
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Table 3.2 Experimental results (g/g **U) for TMI-1 samples from assembly NJO5YU

Sample ID AlB D2 B2 Ci D1A4 A2 C3 C2B B3J B1B D1A2
Burnup ¢

(GWdJ/MTU) 44.8 44.8 50.1 50.2 50.5 50.6 513 52.6 53.0 54.5 55.7

U-234 2.21E-04 | 2.07E-04 | 2.02E-04 | 2.14E-04 | 2.14E~-04 | 2.07E-04 | 2.00E-04 | 1.96E-04 | 1.99E—04 | 2.04E-04 | 2.10E-04
U-235 9.26E-03 | 7.94E-03 | 6.71E-03 | 7.13E-03 | 8.11E-03 | 6.84E-03 | 6.77E-03 | 6.75E-03 | 6.63E-03 | 6.94E~03 | 7.59E-03
U-236 5.50E-03 | 5.74E-03 | 5.84E-03 | 5.92E-03 | 5.81E-03 | 5.95E-03 | 5.77E-03 | 5.62E-03 | 5.92E-03 | 5.87E-03 | 5.94E-03
Pu-238 4.34E-04 | 3.50E-04 { 3.40E-04 | 3.57E-04 | 4.06E-04 | 3.83E-04 | 2.72E-04 | 4.97E-04 | 4.32E-04 | 4.69E-04 | 4.15E-04
Pu-239 5.45E-03 | 5.84E-03 | 5.72E-03 | 5.85E-03 { 5.85E03 | 5.78E-03 | 5.97E-03 | 5.41E-03 | 5.52E~03 | 5.55E-03 | 5.94E-03
Pu-240 2.52E-03 | 2.87E-03 | 2.95E-03 | 2.98E-03 | 2.84E-03 | 3.01E-03 | 3.08E-03 | 2.76E-03 | 2.88E-03 | 2.86E-03 | 2.95E-03
Pu-241 1.30E-03 | 1.47E-03 | 1.50E-03 | 1.54E-03 | 1.55E-03 | 1.47E-03 | 1.52E-03 | 1.44E-03 | 1.48E-03 | 1.48E-03 | 1.60E-03
Pu-242 7.31E-04 | 8.55E-04 | 9.89E-04 | 9.74E-04 | 1.02E-03 | 9.99E-04 | 1.00E-03 | 1.01E-03 | 1.20E-03 | 1.04E-03 | 1.05E-03
Np-237 6.50E-04 | 7.27E-04 | 7.48E-04 | 7.62E-04 | 7.42E-04 | 7.51E-04 | 7.39E-04 | 7.44E-04 | 7.66E~04 | 7.62E-04 | 7.69E~04
Am-241 3.73E-04 | 3.72E-04 | 3.69E-04 | 4.08E-04 | 5.70E-04 | 3.27E-04 | 3.28E-04 | 5.50E-04 | 5.49E-04 | 3.13E-04 | 3.65E-04
Am-242m 1.00E-05 | 1.00E-05 | 1.00E-05 | 1.00E-05 | 9.09E-07 | 1.00E-05 | 1.00E-05 | 1.82E~06 | 1.35E-06 | 1.12E-06 | 6.63E-07
Am-243 1.34E-04 | 2.07E-04 | 2.76E-04 | 2.66E-04 | 2.00E-04 | 2.75E-04 | 2.67E-04 | 2.12E-04 | 2.29E-04 | 2.22FE-04 | 2.24E-04
Nd-143 1.06E-03 | 9.83E-04 | 1.08E-03 | 1.06E-03 | 1.17E-03 j 1.03E-03 | 1.03E-03 | 1.12E-03 | 1.15E-03 | 1.18E-03 | 1.21E-03
Nd-145 9.17E-04 | 8.92E-04 | 9.80E-04 | 9.71E-04 | 1.04E-03 | 9.50E-04 | 9.71E-04 | 1.02E-03 | 1.06E-03 | 1.07E-03 | 1.09E-03
Nd-148 5.24E-04 | 5.24E-04 | 5.89E-04 | 5.90E-04 | 5.94E-04 | 596E—04 | 6.04E-04 | 6.20E-04 | 6.25E-04 | 6.44E-04 | 6.60E~04
Cs-137 1.81E-03 | 1.74E-03 | 1.89E-03 | 1.96E-03 | 1.79E-03 | 1.91E-03 | 1.84E-03 | 1.91E-03 | 1.88E-03 | 1.91E-03 | 1.67E-03
Sm-147 2.43E-04 | 1.96E-04 | 2.01E-04 | 2.02E-04 | 2.55E-04 | 2.13E-04 | 1.97E-04 | 2.48E-04 | 2.69E~04 | 2.77E-04 | 2.74E-04
Sm-149 3.35E-06 | 3.33E-06 | 3.53E-06 | 3.45E-06 | 3.90E-06 | 4.13E-06 | 3.14E~06 | 3.64E—06 | 3.46E—06 | 3.72E-06 | 4.20E-06
Sm-150 3.85E-04 | 3.75E-04 | 4.06E-04 | 4.15E-04 | 4.47E-04 | 4.05E-04 | 3.92E-04 | 4.54E-04 | 4.91E-04 | 5.08E-04 | 4.93E-04
Sm-151 1.39E-05 | 1.36E-05 | 1.45E-05 | 1.35E-05 | 1.53E-05 | 1.36E-05 | 1.36E-05 | 1.44E~05 | 1.60E-05 | 1.63E-05 | 1.69E-05
Sm-152 1.31E-04 | 1.30E-04 | 1.40E-04 | 1.37E-04 | 1.45E-04 | 1.43E-04 | 1.36E-04 | 1.41E-04 | 1.54E-04 | 1.56E-04 | 1.55E-04
Eu-151 7.98E-07 | 7.57E-07 | 8.58E-07 | 7.42E-07 | 7.23E07 | 9.56E—07 | 9.18E-07 | 7.62E-07 | 8.11E-07 | 6.19E07 | 7.21E-07
Eu-153 1.58E-04 | 1.68E-04 | 1.81E-04 | 1.81E04 { 1.89E—04 | 1.85E-04 | 1.74E-04-| 1.87E—04 | 1.99E—04 | 2.02E-04 | 2.06E—04
Eu-155 1.08E-05 | 1.32E-05 | 1.42E-05 | 1.55E-05 | 1.37E-05 | 1.39E-05 | 1.38E-05 | 1.08E-05 | 1.12E-05 | 1.68E-05 | 1.07E-05
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Table 3.2 Experimental results (g/g **U) for TMI-1 samples from assembly NJOSYU (continued)

Sample ID AlB D2 .B2 C1 D1A4 A2 C3 C2B B3J B1B D1A2
Burnup ¢
(GWd/MTU) 44.8 448 50.1 50.2 50.5 50.6 513 52.6 53.0 54.5 55.7
Gd-155 8.85E-06 | 6.02E-06 | 7.08E-06 | 6.88E-06 | 1.51E-0S5 | 6.56E-06 | 7.22E~-06 | 1.02E-05 | 1.13E-05 | 1.09E-05 | 1.11E-05
Mo-95 1.12E-03 | 9.90E-04 | 1.22E-03 | 1.19E-03 | 1.18E-03 | 1.21E-03 | 1.09E-03 | 1.19E-03 | 1.22E-03 | 1.25E-03 | 1.21E-03
Te-99 1.53E-03 | 1.05E-03 | 1.18E-03 | 1.17E-03 | 1.29E-03 | 1.17E-03 | 1.12E-03 | 1.47E-03 | 1.35E-03 | 1.43E-03 | 1.24E-03
Ru-101 1.20E-03 | 1.02E-03 | 1.30E-03 | 1.26E-03 | 1.19E-03 | 1.25E-03 | 1.11E-03 | 1.27E-03 | 1.27E-03 | 1.29E-03 | 1.23E-03
Rh-103 6.41E-04 | 5.55E-04 | 6.80E-04 | 6.69E-04 | 6.53E-04 | 6.70E-04 | 5.93E—04 | 6.66E-04 | 6.73F—04 | 6.81E-04 | 6.72E-04
Ag-109 5.50E-05 | 5.01E-05 | 5.71E-05 | 5.80E-05 | 9.17E-05 | 6.46E-05 | 1.00E-04 | 7.08E-05 | 8.45E-05 | 4.78E-05 | 5.02E-05

“As reported in J. M. Scaglione, Three Mile Island Unit 1 Radiochemical Assay Comparisons to SAS2H Calculations, Yucca Mountain Project Report CAL-UDC-NU-
000011, Rev. A (April 2002).
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Table 3.3 Experimental results (g/g Uipigar) for TMI-1 samples from assembly NJOSYU

Sample ID AlB D2 B2 C1 DiA4 A2 C3 C2B B3J B1B D1A2
Burnup ¢

(GWA/MTU) | 448 44.8 50.1 50.2 50.5 50.6 51.3 52.6 53.0 54.5 55.7
U-234 2.06E-04 | 1.93E-04 | 1.87E-04 | 1.98E-04 | 1.98E-04 | 1.92E-04 | 1.85E-04 | 1.81E-04 | 1.84E-04 | 1.88E-04 | 1.93E-04
U-235 8.62E-03 | 7.39E-03 | 6.22E-03 | 6.60E-03 | 7.50E-03 | 6.34E-03 | 6.27E-03 | 6.24E-03 | 6.13E-03 | 6.40E-03 | 6.99E-03
U-236 5.12E-03 | 5.35E-03 | 5.41E-03 | 5.48E-03 | 5.38E-03 | 5.51E-03 | 5.34E-03 | 5.20E-03 | 5.47F-03 | 5.42E-03 | 5.47E-03
Pu-238 4.04E-04 | 3.26E-04 | 3.15E-04 | 3.31E-04 | 3.76E-04 |-3.55E-04 | 2.52E-04 | 4.60E-04 | 3.99E-04 | 4.33E-04 | 3.82E-04
Pu-239 5.08E-03 | 5.44E-03 | 5.30E-03 | 5.42E-03 | 5.41E-03 | 5.35E-03 | 5.53E-03 | 5.00E-03 | 5.10E-03 | 5.12E-03 | 5.47E-03
Pu-240 2.35E-03 | 2.67E-03 | 2.73E-03 | 2.76E-03 | 2.63E-03 | 2.79E-03 | 2.85E-03 | 2.55E-03 | 2.66E-03 | 2.64E-03 | 2.71E-03
Pu-241 1.21E-03 | 1.37E-03 | 1.39E-03 | 1.43E-03 | 1.43E-03 | 1.36E-03 | 1.41E-03 | 1.33E-03 | 1.37E-03 { 1.37E-03 | 1.47E-03
Pu-242 6.81E-04 | 7.96E-04 | 9.17E-04 | 9.02E-04 | 9.44E-04 | 9.25E-04 | 9.26E-04 | 9.34E-04 | 1.11E-03 | 9.60E-04 | 9.66E-04
Np-237 6.05E-04 | 6.77E-04 | 6.93E-04 | 7.06E-04 | 6.87E-04 | 6.96E-04 | 6.84E-04 | 6.88E-04 | 7.08E-04 | 7.03E-04 | 7.08E-04
Am-241 3.47E-04 | 3.46E-04 | 3.42E-04 | 3.78E-04 | 5.27E-04 | 3.03E-04 | 3.04E-04 | 5.09E-04 | 5.07E-04 | 2.89E-04 | 3.36E-04
Am-242m 9.31E-06 | 9.31E-06 | 9.27E-06 | 9.26E-06 | 8.41E-07 | 9.26E-06 | 9.26E-06 | 1.68E-06 | 1.25E-06 | 1.03E-06 | 6.10E-07
Am-243 1.25E-04 | 1.93E-04 | 2.56E-04 | 2.46E-04 | 1.85E-04 | 2.55E-04 | 2.47E-04 | 1.96E-04 | 2.12E-04 | 2.05E-04 | 2.06E-04
Nd-143 9.87E-04 | 9.15E-04 | 1.00E-03 | 9.82E-04 | 1.08E-03 | 9.54E-04 | 9.53E-04 | 1.04E-03 | 1.06E-03 | 1.09E-03 | 1.11E-03
Nd-145 8.54E-04 | 8.31E-04 | 9.08E-04 | 8.99E-04 | 9.62E-04 | 8.80E-04 | 8.99E-04 | 9.43E-04 | 9.80E-04 | 9.87E-04 | 1.00E-03
Nd-148 4.88E-04 | 4.88E-04 | 5.46E-04 | 5.47E-04 | 5.50E-04 | 5.52E-04 | 5.59E-04 | 5.73E-04 | 5.78E-04 | 5.94E-04 | 6.07E-04
Cs-137 1.69E-03 | 1.62E-03 | 1.75E-03 | 1.82E-03 | 1.66E-03 | 1.77E-03 | 1.70E-03 | 1.77E-03 | 1.74E-03 | 1.76E-03 | 1.54E-03
Sm-147 2.26E-04 | 1.83E-04 | 1.86E-04 | 1.87E-04 | 2.36E-04 | 1.97E-04 | 1.82E-04 | 2.29E-04 | 2.49E-04 | 2.56E-04 | 2.52E-04
Sm-149 3.12E-06 | 3.10E-06 | 3.27E-06 | 3.20E-06 | 3.61E-06 | 3.83E-06 | 2.91E-06 | 3.37E-06 | 3.20E-06 | 3.43E-06 | 3.87E-06
Sm-150 3.59E-04 | 3.49E-04 | 3.76E-04 | 3.84E-04 | 4.14E-04 | 3.7SE-04 | 3.63E-04 | 4.20E-04 | 4.54E-04 | 4.69E-04 | 4.54E-04
Sm-151 1.29E-05 | 1.27E-05 | 1.34E-05 | 1.25E-05 | 1.42E-05 | 1.26E-05 | 1.26E-05 | 1.33E-05 | 1.48E-05 | 1.50E-05 | 1.56E-05
Sm-152 1.22E-04 | 1.21E-04 | 1.30E-04 | 1.27E-04 | 1.34E-04 | 1.32E-04 | 1.26E-04 | 1.30E-04 | 1.42E-04 | 1.44E-04 | 1.43E-04
Eu-151 6.95E-07 | 7.05E-07 | 7.95E-07 | 6.87E-07 | 6.69E-07 | 8.85E-07 | 8.50E-07 | 7.05E-07 | 7.49E-07 | 5.71E-07 | 6.64E-07
Eu-153 1.47E-04 | 1.56E-04 | 1.68E-04 | 1.68E-04 | 1.75E-04 | 1.71E-04 | 1.61E-04 | 1.73E-04 | 1.84E-04 | 1.86E-04 | 1.90E-04
Eu-155 1.01E-05 | 1.23E-05 | 1.32E-05 | 1.44E-05 | 1.27E-05 | 1.29E-05 | 1.28E-05 | 9.99E-06 | 1.03E-05 | 1.55E-05 | 9.85E-06




Table 3.3 Experimental results (g/g Uiisia) for TMI-1 samples from assembly NJOSYU (continued)

Sample ID AlB D2 B2 C1 D1A4 A2 Cc3 C2B B3J BIB DI1A2
Burnup ¢

(GWd/MTU) | 44.8 448 50.1 50.2 50.5 50.6 51.3 52.6 53.0 545 55.7
Gd-155 8.24E-06 | 5.61E-06 | 6.56E-06 | 6.37E-06 | 1.40E-05 | 5.23E-06 | 6.68E-06 | 9.43E-06 | 1.04E-05 | 1.01E-05 | 1.02E-05
Mo-95 1.04E-03 | 9.22E-04 | 1.13E-03 | 1.10E-03 | 1.09E-03 | 1.12E-03 | 1.01E-03 | 1.10E-03 | 1.13E-03 | .1.15E-03 | 1.11E-03
Te-99 1.42E-03 | 9.78E-04 | 1.09E-03 | 1.08E-03 | 1.19E-03 | 1.08E-03 | 1.04E-03 | 1.36E-03 | 1.25E-03 | 1.32E-03 | 1.14E-03
Ru-101 1.12E-03 | 9.50E-04 | 1.21E-03 | 1.17E-03 | 1.10E-03 | 1.16E-03 | 1.03E-03 | 1.17E-03 | 1.17E-03 | 1.19E-03 | 1.13E-03
Rh-103 5.97E-04 | 5.17E-04 | 6.30E-04 | 6.20E-04 | 6.04E-04 | 6.21E-04 | 5.49E-04 | 6.16E-04 | 6.22E-04 | 6.28E-04 | 6.18E-04
Ag-109 5.12E-05 | 4.67E-05 | 5.29E-05 | 5.37E-05 | 8.48E-05 | 5.98E-05 | 9.26E-05 | 6.55E-05 | 7.81E-05 | 4.41E-05 | 4.62E-05

£l

“ As reported in J. M. Scaglione, Three Mile Island Unit | Radiochemical Assay Comparisons to SAS2H Calculations, Yucca Mountain Project Report,
CAL-UDC-NU-000011, Rev. A (April 2002).




Table 3.4 Experimental techniques and uncertainties for TMI-1
samples measurements at GE-VNC

Reported uncertainty RSD *
Nuclide 1D Method * at 95% confidence
o (%)
(%)

U-234 TIMS 1.0 0.5
U-235 TIMS - 1.0 0.5
U-236 TIMS 1.0 0.5
U-238 TIMS 1.0 0.5
Np-237 a-Spec 5.8 2.9
Pu-238 a-spec 5.0 2.5
Pu-239 TIMS 1.2 0.6
Pu-240 TIMS 1.2 0.6
Pu-241 TIMS 1.2 0.6
Pu-242 TIMS 1.2 0.6
Am-241 TIMS, a-spec 7.0 3.5
Am-242m TIMS, a-spec 7.0 3.5
Am-243 TIMS, a-spec 7.0 3.5
Cm-242 TIMS, a-spec 20.0 10.0
Cm-243 TIMS, a-spec 5.5 2.75
Cm-244 TIMS, a-spec 5.5 2.75
Cm-245 TIMS, o-spec 5.5 2.75
Cs-134 y--spec 3.5 1.75
Cs-137 ~ y-spec 3.5 1.75
Nd-143 TIMS 1.5 0.75
Nd-145 TIMS 1.5 0.75
Nd-146 TIMS 1.5 0.75
Nd-148 TIMS 1.5 0.75
Nd-150 TIMS 1.5 0.75
Sm-147 TIMS 1.7 0.85
Sm-149 TIMS 1.8 0.9
Sm-150 TIMS 1.7 0.85
Sm-151 TIMS 1.7 0.85
Sm-152 TIMS 1.7 0.85
Eu-151 TIMS 1.7 0.85
Eu-153 TIMS 1.8 0.9
Gd-155 TIMS 2.7 1.35

“ Main technique is listed; some nuclides require multiple techniques to eliminate
interferences.
» Relative standard deviation; calculated here as half of the uncertainty reported at a
" 95% confidence level.
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Table 3.5 Experimental results (g/g ***U) for TMI-1 samples from assembly NJ070G

Sample ID 01387 01284 01256 0181 01388 01285 0183 0182
Burnup °

(GWd/MTU) 22.8 23.7 24.0 25.8 26.3 26.5 26.7 29.9
U-234 3.65E-04 | 3.55E-04 | 3.48E-04 | 3.48E-04 | 3.40E-04 | 3.34E-04 | 3.35E-04 | 3.25E-04
U-235 2.53E02 | 2.51E-02 | 2.55E-02 | 2.35E-02 | 2.34E-02 | 2.33E-02 | 2.32E-02 | 2.05E-02
U-236 4.49E-03 | 4.58E-03 | 4.68E-03 | 4:83E-03 | 4.89E-03 | 4.93E-03 | 4.99E—03 | 5.34E-03
Pu-238 6.41E-05 | 6.68E~05 | 8.29F—05 | 7.67E-05 | 9.29E-05 | 9.40E-05 | 1.00E-04 | 1.16E-04
Pu-239 5.77E-03 | 5.79E-03 | 6.60E-03 | 5.81E-03 | 6.28E-03 | 6.41E-03 | 6.44E-03 | 5.98E~03
Pu-240 1.46E-03 | 1.48E-03 | 1.61E-03 | 1.62E-03 | 1.73E-03 | 1.76E-03 | 1.83E-03 | 1.98E-03
Pu-241 7.04E-04 | 7.34E-04 | 8.54E-04 | 8.04E-04 | 8.79E-04 | 8.97E-04 | 9.56E—04 | 9.79E-04
Pu-242 1.54E-04 | 1.58E-04 | 1.76E~04 | 1.92E-04 | 2.16E-04 | 2.20E-04 | 2.36E-04 | 3.04E-04
Np-237 3.01E-04 | 3.23E-04 | 3.50E—04 | 3.24E-04 | 3.71E-04 | 3.72E-04 | 3.89E-04 | 4.23E-04
Am-24] 1.73E-04 | 1.62E-04 | 1.47E-04 | 1.22E-04 | 2.16E-04 | 2.22E-04 | 1.83E-04 | 2.12E-04
Am-242m 3.36E-07 | 3.77E-07 | 3.97E—07 | 2.93E-07 | 4.99E-07 | 5.185-07 | 4.50E-07 | 4.53E-07
Am-243 1.71E-05 | 1.80E-05 | 1.76E-05 | 1.60E-05 | 2.85E-05 | 2.96E-05 | 2.74E-05 | 3.75E-05
Cm-242" 7.45E-09 | 1.97E-08 | 2.00E-08 | 1.89E—08 | 1.25E-08 | 1.20E-08 | 2.90F-08 | 1.75E-08
Cm-243 5.97E-08 | 6.36E-08 | 6.99E-08 | 5.50E-08 | 1.01E-07 | 1.07E-07 | 1.04E-07 | 1.25E-07
Cm-244 2.62E-06 | 2.89E-06 | 3.22E-06 | 2.66E—06 | 5.23E-06 | 5.51E-06 | 5.32E-06 | 7.68E-06
Cm-245 1.14E-07 | 1.24E-07 | 1.67E-07 | 1.19E~07 | 2.74E07 | 2.90E—07 | 2.81E-07 | 4.02E-07
Nd-143 7.41E-04 | 7.51E-04 | 7.66E~04 | 7.95E-04 | 8.11E-04 | 8.16E-04 | 8.28E-04 | 8.92E-04
Nd-145 551E-04 | 5.59E-04 | 5.64E-04 | 6.00E-04 | 6.08E~04 | 6.11E-04 | 621E-04 | 6.87E—04
Nd-146 5.04E-04 | 5.12E-04 | 5.26E-04 | 5.56E-04 | 5.72E-04 | 5.76E-04 | 5.87E—04 | 6.58E—04
Nd-148 2.77E-04 | 2.81E-04 | 2.88E-04 | 3.05E-04 | 3.12E—04 | 3.14E—04 | 3.21E-04 | 3.58E-04
Nd-150 1.25E-04 | 1.26E-04 | 1.31E-04 | 1.38E-04 | 142E—04 | 1.43E-04 | 1.47E-04 | 1.64E-04
Cs-134 1.76E-05 | 2.22E-05 | 2.44E-05 | 2.51E-05 | 2.27E-05 | 2.27E-05 | 2.90E-05 | 2.76E-05
Cs-137 8.92E-04 | 9.05E-04 | 9.18E-04 | 9.71E-04 | 1.01E-03 | 1.00E-03 | 1.03E-03 | 1.17E-03
Sm-147 1.86E-04 | 1.81E—04 | 1.79E-04 | 1.91E-04 | 1.99E-04 | 2.01E-04 | 1.94E-04 | 2.20E-04
Sm-149 423E-06 | 4.32E-06 | 4.73E-06 | 4.32E-06 | 4.42E-06 | 4.44E-06 | 4.72E-06 | 4.36E-06
Sm-150 2.06E-04 | 2.11E-04 | 2.17E-04 | 230E-04 | 2.38E-04 | 2.41E-04 | 2.47E-04 | 2.78E-04
Sm-151 1.35E-05 | 1.38E-05 | 1.58E-05 | 1.36E-05 | 1.51E-05 | 1.51E-05 | 1.53E-05 | 1.47E-05
Sm-152 8.47E-05 | 8.62E-05 | 8.41E-05 | 9.23E-05 | 9.19E-05 | 9.27E-05 | 9.54E-05 | 1.07E-04
Eu-151 4.48E-07 | 4.29E07 | 4.89E-07 | 4.15E-07 | 4.99E-07 | 5.02E-07 | 4.61E-07 | 4.74E-07
Eu-153 7.13E-05 | 7.37E-05 | 7.69E-05 | 8.05E-05 | 8.61E-05 | 8.65E-05 | 8.80E-05 | 1.01E-04
Gd-155 2.10E-06 | 2.03E-06 | 2.33E-06 | 2.46E-06 | 2.70E-06 | 2.68E-06 | 2.82E-06 | 3.09E—06

7 As reported in J. M. Scaglione, Three Mile Island Unit | Radiochemical Assay Comparisons to SAS2H Calculations, Yucca Mountain
Project Report, CAL-UDC-NU-000011, Rev. A (April 2002).
* Average of the two values measured by TIMS and y-spectrometry.
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Table 3.6 Experimental results (g/g Uiyitiat) for TMI-1 samples from assembly NJ070G

Sample ID | 01387 01254 01256 0181 01388 01285 0183 0182
Burnup ?

(GWd/MTU) |  22.8 23.7 24.0 25.8 26.3 26.5 26.7 29.9
U-234 3.43E-04 | 3.34E-04 | 3.26E-04 | 3.27E-04 | 3.19E-04 | 3.13E-04 | 3.14E-04 | 3.04E-04
U-235 2.38E-02 | 2.36E-02 | 2.39E-02 | 2.21E-02 | 2.19E-02 | 2.18E-02 | 2.17E-02 | 1.92E-02
U-236 422E-03 | 4.30E-03 | 4.39E-03 | 4.53E-03 | 4.58E-03 | 4.62E-03 | 4.67E-03 | 5.00E-03
Pu-238 6.03E-05 | 6.28E-05 | 7.77E-05 | 7.20E-05 | 8.71E-05 | 8.81E-05 | 9.37E-05 | 1.09E-04
Pu-239 5.42E-03 | 5.44E-03 | 6.19E-03 | 5.45E-03 | 5.89E-03 | 6.01E-03 | 6.03E-03 | 5.60E-03
Pu-240 1.37E-03 | 1.39E-03 | 1.51E-03 | 1.52E-03 | 1.62E-03 1.65E-03 | 1.71E-03 | 1.85E-03
Pu-241 6.62E-04 | 6.90E-04 | 8.01E-04 | 7.55E-04 | 8.24E-04 | 8.41E-04 | 8.95E-04 | 9.16E-04
Pu-242 1.45E-04 | 1.48E-04 | 1.65E-04 | 1.80E-04 | 2.03E-04 | 2.06E-04 | 2.21E-04 | 2.85E-04
Np-237 2.83E-04 | 3.04E-04 | 3.28E-04 | 3.04E-04 | 3.48E-04 | 3.49E-04 | 3.64E-04 | 3.96E-04
Am-24] 1.63E-04 | 1.52E-04 | 1.38E-04 | 1.15E-04 | 2.03E-04 | 2.08E-04 | 1.7!E-04 | 1.98E-04
Am-242m |3 16E-07 | 3.54E-07 | 3.72E-07 | 2.75E-07 | 4.68E-07 | 4.86E-07 | 4.21E-07 | 4.24E-07
Am-243 1.61E-05 | 1.69E-05 | 1.65E-05 | 1.50E-05 | 2.67E-05 | 2.77E-05 | 2.57E-05 | 3.51E-05
Cm-242" 7.00E-09 | 1.85E-08 | 1.88E-08 | 1.77E-08 | 0.00E+00 | 1.12E-08 | 2.72E-08 | 1.64E-08
Cm-243 5.61E-08 | 5.98E-08 | 6.56E-08 | 5.16E-08 | 9.47E-08 1.00E-07 | 9.74E-08 | 1.17E-07
Cm-244 2.46E-06 | 2.72E-06 | 3.02E-06 | 2.50E-05 | 4.90E-06 | 5.16E-06 | 4.98E-06 | 7.19E-06
Cm-245 1.07E-07 | 1.17E-07 | 1.57B-07 | 1.12E-07 | 2.57E-07 | 2.72E-07 | 2.63E-07 | 3.76E-07
Nd-143 6.97E-04 | 7.06E-04 | 7.18E-04 | 7.46E-04 | 7.60E-04 | 7.65E-04 | 7.76E-04 | 8.35E-04
Nd-145 5.18E-04 | 5.25E-04 | 5.29E-04 | 5.63E-04 | 5.70E-04 | 5.73E-04 | 5.82E-04 | 6.43E-04
Nd-146 4.74E-04 | 4.81E-04 | 4.93E-04 | 5.22E-04 | 5.36E-04 | 5.40E-04 | 5.50E-04 | 6.16E-04
Nd-148 2.60E-04 | 2.64E-04 | 2.70E-04 | 2.86E-04 | 2.93E-04 | 2.94E-04 | 3.01E-04 | 3.35E-04
Nd-150 1.18E-04 | 1.18E-04 | 1.23E-04 | 1.30E-04 | 1.33E-04 1.34E-04 | 1.38E-04 | 1.53E-04
Cs-134 1.65E-05 | 2.09E-05 | 2.29E-05 | 2.36E-05 | 2.13E-05 2.13E-05 | 2.72E-05 | 2.58E-05
Cs-137 8.38E-04 | 8.50E-04 | 8.61E-04 | 9.12E-04 | 9.47E-04 | 9.37E-04 | 9.65E-04 | 1.10E-03
Sm-147 1.75E-04 | 1.70E-04 | 1.68E-04 | 1.79E-04 | 1.87E-04 1.88E-04 | 1.82E-04 | 2.06E-04
Sm-149 3.98E-06 | 4.06E-06 | 4.44E-06 | 4.06E-06 | 4.14E-06 | 4.16E-06 | 4.42E-06 | 4.08E-06
Sm-150 1.94E-04 | 1.98E-04 | 2.04E-04 | 2.16E-04 | 223E-04 | 2.07E-04 | 2.31E-04 | 2.60E-04
Sm-151 1.27E-05 | 1.30E-05 | 1.48E-05 | 1.28E-05 | 1.42E-05 1.42E-05 | 1.43E-05 | 1.38E-05
Sm-152 7.96E-05 | 8.10E-05 | 7.89E-05 | 8.66E-05 | 8.62E-05 | 8.69E-05 | 8.94E-05 | 1.00E-04
Eu-151 4.21E-07 | 4.03E-07 | 4.59E-07 | 3.90E-07 | 4.68E-07 | 4.71E-07 | 4.32E-07 | 4.44E-07
Eu-153 6.70E-05 | 6.93E-05 | 7.21E-05 | 7.56E-05 | 8.07E-05 | 8.11E-05 | 8.24E-05 | 9.45E-05
Gd-155 1.97E-06 | 1.91E-06 | 2.19E-06 | 2.31E-06 | 2.53E-06 | 2.51E-06 ‘| 2.64E-06 | 2.89E-06

“ As reported in J. M. Scaglione, Three Mile Island Unit | Radiochemical Assay Comparisons to SAS2H Calculations, Yucca
Mountain Project Report, CAL-UDC-NU-000011, Rev. A (April 2002).
# Average of the two values measured by TIMS and y-spectrometry.
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3.2 CALVERT CLIFFS SAMPLES

The three samples from the Calvert Cliffs reactor considered in this report belonged to a fuel rod of a
14 x 14 fuel assembly of Combustion Engineering (CE) design. The burnup of the samples covers the
range 27 to 44 GWd/MTU. The samples were identified as 87-81, 87-72, and 87-63.

3.2.1 PNNL Measurements
The measurements at PNNL were performed by using the following main spectrometric methods: H

y-spectrometry for PCs;

a-spectrometry for **' Am and *"Np,;

B-spectrometry for *Tc and *Sr;

isotope dilution mass spectrometry (ID-MS) for neodymium, uranium, and plutonium nuclides,
using a calibrated triple spike of "°Nd, *U, and ***Pu;

mass spectrometry (MS) after elemental separation of cesium for ’Cs and '*°Cs;

] ICP-MS measurements relative to '*Nd and '**Nd for lanthanide elements: samarium, europium,
gadolinium.

The lanthanide measurements were carried out by ICP-MS in general without previous chemical
separation into individual elements. Therefore, there was an interference issue for data corresponding to
nuclides with mass numbers 147 (Pm, Sm), 150 (Nd, Sm), 151 (Sm, Eu), and 155 (Eu, Gd). The data
corresponding to these four mass numbers were adjusted by PNNL based on calculations in order to infer
information for individual isotopes. The PNNL lanthanide data are not considered in this report for code
validation purposes because of the large dependence of the reported measurement data on additional
calculated results.

Isotopic measured concentrations were reported as g/g fuel, g/MTU, or Ci/g fuel depending on the
reporting reference and the nuclide under consideration.'*'"'*"*!> A summary of the measured nuclides,
methods used, and reported measurement uncertainties are summarized in Table 3.7. The magnitude of
the experimental errors varies with the method and the nuclide. For example, it is less than 1% for '*Nd
and 'Nd and 1.6% for u