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ABSTRACT 

This report describes experimental radiochemical assay data, recently acquired under two international 
collaboration programs, for the isotopic compositions in high burnup spent nuclear fuel from modern 
boiling water reactor (BWR) assemblies. The Belgian MALIBU extension program provides measured 
data for isotopic contents of more than 50 nuclides in spent fuel samples selected from a SVEA-96 
(10×10) Optima fuel assembly with burnups between 59 and 63 GWd/MTU. An experimental program in 
Spain provides additional isotopic data for more than 60 nuclides in samples selected from a GE14 
(10×10) fuel assembly that cover a burnup range 38 to 56 GWd/MTU. These samples were selected from 
different axial elevations of a fuel rod, representing therefore a wide range of moderator void conditions. 
The measurement data include concentrations of actinides and fission products important to nuclear decay 
heat, radiological sources, and nuclear criticality safety. These data are essential for validation of the 
computational models used to calculate fuel isotopic concentrations and activities applied in reactor and 
spent nuclear fuel safety studies. Computational benchmark analyses using the measurements are 
performed with the TRITON two-dimensional depletion sequence in the SCALE 6.1 computer code 
system and ENDF/B-VII-based nuclear data libraries. These measurements represent an important 
contribution to the code benchmark database by providing data for modern BWR assembly designs and 
operating conditions representative of currently operating reactors.  
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1. INTRODUCTION 

The current trend toward extended irradiation cycles and higher fuel enrichments of up to 5 wt % 235U has 
led to an increase in the burnup range for discharged nuclear fuel assemblies.  In addition, boiling water 
reactor (BWR) fuel assembly designs have become increasingly complex and heterogeneous compared to 
past designs, leading to improved performance. As the design and operating characteristics of BWR fuel 
have evolved dramatically, it is important that the computer codes and nuclear data used to simulate the 
lattice physics and nuclide compositions of spent nuclear fuel be validated using experimental data 
representative of modern assembly designs.  The majority of isotopic assay measurements available for 
BWR fuel to date [1] involves burnups of less than about 40 GWd/MTU and early assembly designs that 
do not represent the complexity of the modern designs currently is use. In addition, measurements are 
largely available only for actinides, with limited fission product data. Thus, the present lack of 
representative data limits the ability to directly validate computer code predictions and accurately 
quantify the uncertainties in calculated nuclide compositions used in safety and licensing analyses of 
reactors and spent fuel storage facilities.  
 
This report describes recently acquired radiochemical assay data that can be used to validate computer 
code predictions of the isotopic compositions in modern high burnup BWR fuel.  The experimental data 
were acquired from two international programs: 
 
 the MALIBU (Radiochemical Analysis of MOX and UOX LWR Fuels Irradiated to High Burnup) 

Extension program [2] coordinated by the Belgian research organization SCK•CEN (Studiecentrum 
voor Kernenergie – Centre d’Étude de l’Énergie Nucléaire), and  

 a consortium of organizations in Spain, herein referred to as the ENUSA program, coordinated by the 
fuel manufacturer ENUSA (Enusa Industrias Avanzadas, S.A.), including the Spanish nuclear 
regulatory authority CSN (Consejo de Seguridad Nuclear) and the Spanish company responsible for 
radioactive waste management, ENRESA (La Empresa Nacional de Residuos Radiactivos, S.A.) [3]. 

 
The measurements available from the MALIBU Extension program include radiochemical assay data 
obtained from destructive analysis of three spent fuel samples selected from different axial elevations of a 
SVEA-96 Optima 10×10 assembly fuel rod, irradiated during seven reactor fuel cycles in the Swiss 
Leibstadt reactor. The ENUSA program provides data for six samples from a GE14 10×10 assembly fuel 
rod, irradiated during five fuel cycles in the Swedish Forsmark 3 reactor.  
 
The radiochemical analysis measurements of the spent fuel samples were carried out at Studsvik Nuclear 
AB in Sweden, SCK•CEN in Belgium, and the Paul Scherrer Institute (PSI) in Switzerland. A summary 
of the experimental programs and measured fuel sample characteristics is listed in Table 1.1.  The number 
of measured samples listed in the table reflects the unique samples. Several samples were measured 
independently at different laboratories.  
 
The experimental data are used to validate the computational methods and nuclear data of the SCALE 
nuclear safety analysis code system [4] for the analysis of SVEA-96 Optima and GE14 10×10 assembly 
designs. The calculated isotopic contents in the spent fuel samples are compared to measurements for 
more than 60 nuclides important to a wide range of spent fuel applications including decay heat, radiation 
sources, and burnup credit criticality safety evaluations, as well as for reactor safety studies and accident 
consequence analyses.  
 
At the time of the writing of this report, the experimental programs remain commercially restricted. 
Therefore, many of the details of the experimental program, including absolute measurement results, fuel 
design data, and reactor operating information, are not included in this report but will be published 



 

2 

separately at a later date when data will be made public. A brief description of the experimental programs 
is given in Section 2 of the report summarizing the radiochemical measurement methods employed and 
the associated experimental uncertainties. General information on the assembly design data and 
irradiation history is presented in Section 3, along with a description of the computational models 
developed for the simulation. Comparisons of the experimental data to the results obtained from code 
simulations are presented in Section 4.   
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2. EXPERIMENTAL PROGRAMS 

This section provides a brief overview of the experimental isotopic assay data utilized in this report for 
code validation and a description of the international programs through which these data were acquired.  
A general description of the measurement techniques and uncertainties is also included.  
 

2.1 MALIBU EXTENSION PROGRAM 
 
The MALIBU experimental program [2], coordinated by SCK•CEN in Belgium, was initiated in 2003 to 
develop a database of high quality measurements of the isotopic content in irradiated nuclear fuel that can 
be used for code validation. The MALIBU program includes participants from laboratories and utilities 
from seven countries: Belgium, France, Germany, Japan, Switzerland, Sweden, and the United States. 
Oak Ridge National Laboratory (ORNL) has participated in the program through support of the U.S. 
Department of Energy and the U.S. Nuclear Regulatory Commission. The program provides extensive 
high-precision measurements for nuclides of importance to spent fuel source terms and burnup credit, and 
used three cross-checking laboratories for uncertainty quantification. The base program, completed in 
2007, included measurements for high burnup commercial uranium oxide (UOX) and mixed oxide 
(MOX) fuels operated in pressurized water reactors (PWRs).  
 
In 2007 the program was extended to include measurements of nuclide content for high burnup BWR 
UO2 fuel. The laboratories participating in the extension program measurements included Studsvik 
Nuclear AB in Sweden, SCK•CEN in Belgium, and PSI in Switzerland. The spent fuel measurements 
were performed between 2009 and 2010, and include extensive actinide and fission product data of 
importance to spent fuel safety applications. 
 

2.1.1 Leibstadt SVEA-96 Samples 
 
The measured SVEA-96 fuel assembly AIA003 fabricated by Westinghouse Sweden was irradiated for 
seven consecutive cycles (cycles 15–21) in the Swiss Leibstadt reactor between August 21, 1998, and 
March 28, 2005.  The general configuration of the SVEA-96 assembly design is illustrated in Figure 2-1.  
 
All measurements were made for samples from fuel rod H6 (see Figure 2-1), with a nominal initial 
enrichment of 3.90 wt % 235U and estimated rod-average burnup of 57.5 GWd/MTU. Rod H6 is internal 
to the assembly and thus relatively insensitive to changes in the surrounding assembly environment 
caused by movement of the assembly in the core during irradiation. However, rod H6 is also adjacent to 
an internal water cross of the assembly as well as a partial-length fuel rod and a rod containing 
gadolinium poison, thus providing a complex configuration for modeling.   
 
Sections from three axial locations, referred to as KLU1, KLU2, and KLU3, were cut from rod H6 for 
radiochemical analysis.  
 
 Sample KLU1 was obtained from the lower part of the fuel rod, where the void concentration is low 

and relatively stable.  
 Sample KLU2 was obtained from the middle part of the fuel rod, where the void concentrations are 

higher and more variable.  
 Sample KLU3 was obtained from a high elevation of the rod in the region where partial-length 

(short) fuel rods have “vanished” from the lattice and the void concentration is high and variable.   
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Figure 2-1.  SVEA-96 fuel assembly cross section showing the location  of measured rod H6 

(figure adapted from [5]).   
 
Measurements of the KLU1 sample were performed at all three participating laboratories: Studsvik, 
SCK•CEN, and PSI. Note that Studsvik performed a second measurement of the KLU1 sample due to 
experimental problems that prevented measurement of some fission products in the first experiment. 
There were four adjacent samples from the selected fuel segment KLU1 samples in the fuel rod, which 
were used for the purpose of cross comparison of measurement data from the three laboratories.  The 
KLU1 cross-check samples were designated as KLU1/1, KLU1/2, KLU1/3A, and KLU1/3B. Studsvik 
performed measurements on samples KLU1/1 and KLU1/3B. Only Studsvik performed measurements on 
samples KLU2 and KLU3. All these four cross-check samples have very similar burnups. 
 
Table 2-1 provides a summary of sample identification names, the laboratories that carried out each 
analysis, and the axial location of the selected samples in the fuel rod. The reactor operating data is 
generated for 28 axial nodes. The axial node corresponding to the location of each sample is listed 
inTable 2-1.  An axial gamma scan of the measured rod H6 is illustrated in Figure 2-2 showing the 
burnup profile and the location of the measured samples. 
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Figure 2-2.  Axial gamma scan of measured fuel rod H6. 

 
 

2.1.2 Measurements 
 
Measurements of nuclide content performed by laboratories at Studsvik, SCK•CEN, and PSI included 53 
isotopes (19 actinides and 34 fission products): 
 

 uranium isotopes (234, 235, 236, 238) 
 plutonium isotopes (238, 239, 240, 241, 242, 244) 
 neptunium-237 
 americium (241, 242m, 243) 
 curium isotopes (242, 243, 244, 245, 246) 
 cesium isotopes (133, 134, 135, 137) 
 cerium-144 
 neodymium isotopes (142, 143, 144, 145, 146 148, 150) 
 promethium-147 
 samarium isotopes (147, 148, 149, 150, 151, 152, 154) 
 europium isotopes (151, 153, 154, 155) 
 gadolinium-155 
 strontium-90 
 metallic nuclides (95Mo, 99Tc, 101Ru, 106Ru, 103Rh, 109Ag, 125Sb) 
 iodine-129 
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The main experimental techniques applied by Studsvik were high performance liquid chromatography 
with inductively coupled plasma mass spectrometry (HPLC-IDA-ICPMS). Isotope dilution analysis 
(IDA) was used for most nuclides for increased precision, with external calibration for other nuclides. In 
addition, -spectrometry and -spectrometry measurement methods were used.  
 
The experimental techniques applied by SCK•CEN included very high precision thermal ionization mass 
spectrometry (TIMS) with IDA for most nuclides, in addition to quadrupole inductively coupled plasma 
mass spectrometry (Q-ICPMS) with external calibration, and -spectrometry, -spectrometry, and 
β-spectrometry. 
 
The main experimental technique applied by PSI was HPLC and multi-collector inductively coupled 
plasma mass spectrometry (MC-ICPMS) with IDA for most nuclides. In addition, ICPMS with external 
calibration and -spectrometry were used.  
 
Table 2-2 provides the details of the measured nuclides and the measurement method used by each 
laboratory for each nuclide. The measurement uncertainties estimated by the laboratories are listed and 
expressed at the 2 (95%) confidence level. The metallic nuclides (90Sr, 95Mo, 99Tc, 101Ru, 106Ru, 103Rh, 
109Ag, 125Sb) generally have larger measurement uncertainties. These nuclides are difficult to dissolve 
with standard dissolution techniques and generally require subsequent aggressive techniques to measure 
the undissolved fuel residues and obtain complete recovery. The estimated measurement uncertainties 
vary significantly between laboratories due to the use of different radiochemical analysis techniques and 
instruments. In general, the uncertainty of the Studsvik results are significantly larger than the 
uncertainties in the results reported by SCK•CEN and PSI. 
 
The measurements were performed approximately five years after irradiation, and the analysis dates 
covered a period of several years. To obtain a consistent date for comparison of measurement results with 
calculations, the calculated results were decayed after irradiation to the measurement dates reported by 
each laboratory. Table 2-3 presents a summary of the measurement dates at each laboratory and the 
number of days post irradiation to the analysis date.  The nuclides that require significant decay-time 
corrections are 240Pu, 241Pu, 241Am, 242Cm, 244Cm, 134Cs, 137Cs, 144Nd, 147Sm, 154Eu, 155Eu, 154Gd, and 155Gd. 
The concentrations of several nuclides measured by gamma spectrometry were back-calculated to the 
time of discharge and reported as such by Studsvik.  
 
Measurements performed at all laboratories included the separate analysis of undissolved residues. The 
metallic fission products, associated with the undissolved solids, were measured in the residues 
separately, and the residue content then added to the concentrations for the dissolved solution to obtain 
the total contents in the fuel sample. 
 
A review of the laboratory cross-check measurements for sample KLU1 found the agreement of the 
SCK•CEN and PSI measurements were generally within the reported experimental uncertainties of 
several percent (see Table 2-2).  However, systematic discrepancies were found between the nuclide 
content results reported by SCK•CEN and PSI and those reported by Studsvik.  Notably, the Studsvik 
results for the plutonium isotopes were systematically 10–15% lower than those reported by the other two 
laboratories for the KLU1 sample. These deviations were observed in both KLU1 samples measured at 
Studsvik.  The estimated 2σ uncertainty of the Studsvik plutonium measurements was approximately 3%. 
In addition, the uncertainties reported for the Studsvik measurements of neodymium isotopes (148Nd used 
as the burnup indicator) were large, approximately 16% at the 95% confidence level, and the results 
showed similarly large systematic deviations in comparison with the other two laboratories. Based on the 
previous established performance of SCK•CEN and PSI in international measurement programs [2, 6], it 
is suspected that there were unidentified measurement problems at Studsvik.  
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At the time of writing of this report, the discrepancies in the measured nuclide concentrations, as reported 
by the laboratories, have not been resolved. Consequently, only the KLU1 measurements performed by 
SCK•CEN and PSI are considered in this report for code validation. The measurements for the samples 
measured by Studsvik (KLU1/1, KLU1/3B, KLU2, and KLU3) are not currently used but may be 
considered in the future if the cause of the suspected measurement issues is resolved.  
 
Due to the current proprietary status of the MALIBU extension program, the measured nuclide contents 
are not included in this report. All benchmark results comparing calculations to the experiment are shown 
as relative concentrations. 
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2.2 ENUSA PROGRAM 
 
The Spanish experimental program [3], coordinated by ENUSA, involves a number of organizations 
including the Spanish safety council for nuclear activities, CSN, and the organization responsible for 
waste management in Spain, ENRESA, with support provided under this project from the U.S. Nuclear 
Regulatory Commission. The program aims at providing isotopic composition data suitable for 
benchmarking codes and computational models used in reactor safety studies as well as for interim 
storage, transportation, and final disposal of spent nuclear fuel.  Measurements include an extensive set of 
68 nuclides. 
 

2.2.1 Forsmark 3 GE14 Samples 
 
Fuel samples of rod J8 from GE14 (10×10) fuel assembly GN592 were measured at hot cell laboratories 
of Studsvik Nuclear AB.  The configuration of the GE14 assembly is shown in Figure 2-3. Measured fuel 
rod J8 was located at the periphery of the assembly, away from the control blade side of the assembly. 
The initial enrichment of all samples from rod J8 was 3.95 wt % 235U. The fuel assembly was fabricated 
by ENUSA and irradiated in the Forsmark 3 reactor during five consecutive operating cycles (cycle 16–
20) from July 24, 2000, to May 28, 2005. The measured fuel rod attained an estimated rod average burnup 
of 41 GWd/MTU and peak burnup of 56 GWd/MTU. 
 
The locations of the samples were selected to provide wide representation of the axial void distribution. 
The 137Cs gamma scan of rod J8, shown in Figure 2-4, illustrates the burnup profile and location of the 
selected fuel rod segments for radiochemical analysis. Samples were not obtained in the natural uranium 
regions at the top and bottom of the fuel rod (shown later in Figure 3-6). Table 2-4 provides a summary of 
sample identification names, the elevation of the samples along the fuel rod, and the axial node 
corresponding to the operating history data. The elevations are measured from the lower end plug of the 
fuel rod. The distance from the lower end plug to the start of the active fuel region is about 40 mm. 
 
A total of eight fuel samples were selected from fuel rod J8. Samples 1 and 2, and samples 3 and 7, were 
selected from adjacent axial locations of the rod (see elevations in Table 2-4 and locations in Figure 3-6) 
to verify measurement repeatability and uncertainty. These replicate samples are expected to have very 
similar compositions.  
 

2.2.2 Measurements 
 
All measurements were performed by Studsvik Nuclear AB in 2010. The measurements include 
68 nuclides (14 actinides and 54 fission products) and 21 elements for each analyzed sample. The 
measured isotopes were selected primarily on the basis of importance to reactor operations (eigenvalue), 
nuclear criticality safety using burnup credit, decay heat, and neutron and gamma ray sources. Measured 
isotopes include: 
 

 uranium isotope (234, 235, 236, 238) 
 plutonium isotopes (238, 239, 240, 241, 242) 
 neptunium-237 
 americium (241, 243) 
 curium isotopes (244, 246) 
 cesium isotopes (133, 134, 135, 137) 
 cerium (140, 142, 144) 
 lanthanum-139 
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 neodymium isotopes (142, 143, 144, 145, 146 148, 150) 
 samarium isotopes (147, 148, 149, 150, 151, 152, 154) 
 europium isotopes (153, 154, 155) 
 gadolinium (154, 155, 156, 157, 158) 
 molybdenum (92, 94, 95, 96, 97, 98, 100) 
 strontium-90 
 metallic nuclides (99Tc, 101Ru, 102Ru,104Ru,106Ru, 103Rh, 109Ag, 125Sb) 
 palladium (105, 107, 108, 110) 
 cadmium (111, 112, 114) 
 iodine-129 
 

High performance liquid chromatography combined with IDA and inductively coupled plasma mass 
spectrometry (IDA-HPLC-ICPMS), and ICPMS without chemical separation, were applied for the 
analysis of individual isotopes. Nuclides without any isobaric overlap were assessed by ICPMS with 
external calibration and with separately determined response factors. Iodine and strontium were analyzed 
using a dynamic reaction cell (DRC) in combination with ICPMS. Gamma-emitting nuclides were 
analyzed by gamma spectrometry.   
 
In many cases results were reported for several measurement methods.  Measurements made with the 
HPLC- IDA-ICPMS technique were generally used when available, as they typically have the smallest 
measurement uncertainties. Measurements made with other independent techniques generally had larger 
uncertainties and were used to provide cross checks on measurement consistency and uncertainty 
estimates. Table 2-5 presents a summary of the measured isotopes and the measurement method. The 
tabulated measurement uncertainties are 2σ (95% confidence level), listed for sample 6 as a representative 
example. 
 
Mass spectroscopy results were reported at the time of analysis. Nuclides that exhibit concentration 
variations with decay time were also back-calculated to the end of burnup (discharge) for the isotopes 
240Pu, 241Pu, 241Am, 244Cm, 134Cs, 137Cs, 144Nd, 147Sm, 154Eu, 155Eu, 154Gd, and 155Gd. As the procedure of 
back calculating concentrations introduces additional uncertainties, the measurement results used in this 
report were those corresponding to the measurement date. All calculations therefore decayed the nuclide 
concentrations to the time of measurement for each nuclide. Measurements based on gamma spectroscopy 
were back calculated by the laboratory to the time of discharge. Results at the time of measurement were 
not available. 
 
Measurements of the metallic fission products have been corrected for the contribution from undissolved 
residues. These residues from dissolution of the fuel were analyzed separately and the results added to the 
results from the main fuel solution. In general, the fraction of undissolved material for most elements was 
small and did not contribute to significant uncertainties in the results. Contamination of samples with 
naturally occurring molybdenum was identified. Corrections to the measurements resulted in large errors 
for 94Mo after subtracting the contribution from contamination, so the measured results for this isotope 
were not considered. 
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Figure 2-3.  GE14 fuel assembly cross section and configuration, showing the location  of 

measured fuel rod J8 (figure adapted from [7]).  
 
 

 
Figure 2-4. Gamma scan of the 137Cs profile of rod J8 and locations of the measured samples. 
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Table 2-4. Summary of GE14 assembly GN592 samples 

Assembly and 
fuel rod ID 

Fuel 
sample 

ID 

Sample 
burnupa 

(GWd/MTU) 

Measurement 
laboratory 

Sample elevationb

(mm) 
Sample 

axial nodec 
Sample assembly 

regiond 

GN592-J8 6 43.1 Studsvik Nuclear 397–407 3 Dominant 
GN592-J8 7 47.8 Studsvik Nuclear 702–712 5 Dominant 
GN592-J8 3 51.5 Studsvik Nuclear 712–722 5 Dominant 
GN592-J8 1 50.4 Studsvik Nuclear 1842–1852 13 Dominant 
GN592-J8 2 51.1 Studsvik Nuclear 1852–1862 13 Dominant 
GN592-J8 4 56.0 Studsvik Nuclear 2503–2513 17 Vanished 
GN592-J8 5 43.6 Studsvik Nuclear 3277–3287 22 Vanished 
GN592-J8 8 38.3 Studsvik Nuclear 3384–3394 23 Vanished 

a Burnup values reported by Studsvik based on destructive analysis of 148Nd. 
b Distance measured from the bottom of the fuel rod end plug. 
c Axial node corresponding to the reactor operating data. 
d Assembly region corresponding to locations below the top of the partial-length rods (dominant) and above the 

partial-length rods (vanished). 
 

Table 2-5. Experimental techniques and typical uncertainties for  
Forsmark 3 GE14 samples 

Nuclide Methoda 
(primary) 

Uncertaintyb 
2 (%) 

Measurement 
date 

(dd/mm/yy) 

Decay 
timec 
(days) 

U-234 IDA-ICPMS 7.8 15/06/09 1540 
U-235 IDA-ICPMS  3.1 15/06/09 1540 
U-236 IDA-ICPMS 3.1 15/06/09 1540 
U-238 IDA-ICPMS 2.0 15/06/09 1540 
Pu-238 IDA-HPLC-ICPMS 4.1 16/06/09 1541 
Pu-239 IDA-HPLC-ICPMS 3.0 16/06/09 1541 
Pu-240 IDA-HPLC-ICPMS 3.2 16/06/09 1541 
Pu-241 IDA-HPLC-ICPMS 2.8 16/06/09 1541 
Pu-242 IDA-HPLC-ICPMS 4.0 16/06/09 1541 
Np-237 ICPMS  12.6 25/05/09 1519 
Am-241 IDA-HPLC-ICPMS 15.7 16/06/09 1541 
Am-243 IDA-HPLC-ICPMS 23.1 16/06/09 1541 
Cm-244 ICPMS 13.6 25/05/09 1519 
Cm-246 ICPMS 87.5 25/05/09 1519 
Cs-133 IDA-HPLC-ICPMS 2.9 31/08/09 1617 
Cs-134 IDA-HPLC-ICPMS 1.5 31/08/09 1617 
Cs-135 IDA-HPLC-ICPMS 2.8 31/08/09 1617 
Cs-137 IDA-HPLC-ICPMS 2.2 31/08/09 1617 
Ce-140 IDA-HPLC-ICPMS 6.5 01/07/09 1556 
Ce-142 IDA-HPLC-ICPMS 3.4 01/07/09 1556 
Ce-144 γ spec 16.9 28/03/05 0 
La-139 ICPMS 12.3 25/05/09 1519 
Nd-142 IDA-HPLC-ICPMS 5.0 01/07/09 1556 
Nd-143 IDA-HPLC-ICPMS 4.3 01/07/09 1556 
Nd-144 IDA-HPLC-ICPMS 3.6 01/07/09 1556 
Nd-145 IDA-HPLC-ICPMS 5.2 01/07/09 1556 
Nd-146 IDA-HPLC-ICPMS 3.0 01/07/09 1556 
Nd-148 IDA-HPLC-ICPMS 7.4 01/07/09 1556 
Nd-150 IDA-HPLC-ICPMS 5.0 01/07/09 1556 
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Table 2-5. (continued) 

Nuclide Methoda 
(primary) 

Uncertaintyb 
2 (%) 

Measurement 
date 

(dd/mm/yy) 

Decay 
timec 
(days) 

Sm-147 IDA-HPLC-ICPMS 12.6 01/07/09 1556 
Sm-148 IDA-HPLC-ICPMS 10.2 01/07/09 1556 
Sm-149 IDA-HPLC-ICPMS 35.3 01/07/09 1556 
Sm-150 IDA-HPLC-ICPMS 10.4 01/07/09 1556 
Sm-151 IDA-HPLC-ICPMS 28.6 01/07/09 1556 
Sm-152 IDA-HPLC-ICPMS 9.7 01/07/09 1556 
Sm-154 IDA-HPLC-ICPMS 12.5 01/07/09 1556 
Eu-153 IDA-HPLC-ICPMS 5.9 01/07/09 1556 
Eu-154 IDA-HPLC-ICPMS 4.8 01/07/09 1556 
Eu-155 IDA-HPLC-ICPMS 8.9 01/07/09 1556 
Gd-154 IDA-HPLC-ICPMS 11.1 01/07/09 1556 
Gd-155 IDA-HPLC-ICPMS 14.6 01/07/09 1556 
Gd-156 IDA-HPLC-ICPMS 9.8 01/07/09 1556 
Gd-157 IDA-HPLC-ICPMS 30.0 01/07/09 1556 
Gd-158 IDA-HPLC-ICPMS 11.1 01/07/09 1556 
Mo-92 IDA-HPLC-ICPMS 41.0 28/10/09 1675 
Mo-94 IDA-HPLC-ICPMS 48.5 28/10/09 1675 
Mo-95 IDA-HPLC-ICPMS 42.8 28/10/09 1675 
Mo-96 IDA-HPLC-ICPMS 66.7 28/10/09 1675 
Mo-97 IDA-HPLC-ICPMS 42.7 28/10/09 1675 
Mo-98 IDA-HPLC-ICPMS 42.7 28/10/09 1675 
Mo-100 IDA-HPLC-ICPMS 42.8  28/10/09 1675 
Sr-90 DRC-ICPMSe 11.6 08/09/09 1625 
Tc-99 ICPMS 12.2 25/05/09 1519 
Ru-101 ICPMS 12.2 25/05/09 1519 
Ru-102 ICPMS 12.3 25/05/09 1519 
Ru-104 ICPMS 12.3 25/05/09 1519 
Ru-106 γ spec 17.8 28/03/05 0 
Rh-103 ICPMS 12.2 25/05/09 1519 
Pd-105 ICPMS 12.5 25/05/09 1519 
Pd-107 ICPMS 12.1 25/05/09 1519 
Pd-108 ICPMS 12.5 25/05/09 1519 
Pd-110 ICPMS 12.8 25/05/09 1519 
Ag-109 ICPMS 12.6 25/05/09 1519 
Cd-111 ICPMS 16.0 25/05/09 1519 
Cd-112 ICPMS 17.5 25/05/09 1519 
Cd-114 ICPMS 19.3 25/05/09 1519 
Sb-125 γ spec 16.1 28/03/05 0 
I-129 DRC-ICPMSe 57.3 28/03/05 0 

 

a  ICPMS, Inductively Coupled  Plasma Mass Spectrometry with external calibration or with 
separately determined response factors; IDA-HPLC-ICPMS, high performance liquid 
chromatography with Isotopic Dilution ICPMS; γ spec, gamma spectrometry; DRC-ICPMS, 
ICPMS equipped with a Dynamic Reaction Cell. 
b  Uncertainties listed are for sample 6. 
c  Discharge date March 28, 2005. 



 

19 

 

3. ASSEMBLY DESIGN AND MODELING DESCRIPTION 

This section presents general information on the fuel assembly design, irradiation history, computational 
models, and methods.  Details of the experimental program have not been publicly released at the time of 
the writing of this report. Therefore, a complete description of the design and operating history data are 
not included here and will be reported at a later date as additional information is made public. 
 

3.1 COMPUTATIONAL METHODS AND NUCLEAR DATA 
 
The computational modeling and simulation of the measurements was performed with TRITON, the two-
dimensional (2-D) depletion sequence in the SCALE 6.1 computer code system [8].  TRITON couples the 
2-D arbitrary polygonal mesh, discrete ordinates transport code NEWT with the depletion and decay code 
ORIGEN in order to perform the burnup simulation.  At each depletion step, the transport flux solution 
from NEWT is used to generate cross sections and assembly power distributions for the ORIGEN 
calculations; the isotopic composition data resulting from ORIGEN is employed in the subsequent 
transport calculation to obtain cross sections and power distributions for the next depletion step in an 
iterative manner throughout the irradiation history. 
 
All calculations employed the ENDF/B-VII 238-group cross-section library. Resonance self-shielding 
calculations were performed with the CENTRM module [9]. CENTRM prepares problem-dependent 
multigroup cross sections by performing a continuous-energy transport calculation in the resonance 
energy region using a cell representation of the fuel rods. The neutron flux solution from CENTRM is 
used by the PMC module to collapse point-wise cross sections to prepare the problem-dependent 
multigroup constants.  
 
The collapsing option (parm=weight) in TRITON was used to collapse the 238-group library to a 
problem-dependent 49-group library using the flux solution from an initial 238-group transport 
calculation.  The collapsed 49-group library is used in all subsequent transport calculations during the 
depletion simulation. Default values were used for the convergence parameters in the transport 
calculation. Cross sections for all nuclides present in the ENDF/B-VII neutron transport libraries were 
applied in the ORIGEN depletion calculations (addnux=4). Cross sections for all other nuclides tracked 
by ORIGEN are obtained from collapsing 238-group cross sections developed from the JEFF-3.1/A 
special-purpose activation file with the 238-group flux determined from the NEWT neutron transport 
calculation. Time-dependent concentrations of approximately 2300 nuclides are tracked by ORIGEN. All 
nuclear decay data used in the ORIGEN depletion calculations are derived from ENDF/B-VII evaluations.  
 
Individual models were developed for each of the measured samples discussed in the previous sections.  
The assembly geometry corresponding to either the dominant or vanished region of the assembly was 
determined from the axial height of each measured sample.  The detailed power history was used in the 
simulations for each cycle as provided by the utility for each of the axial nodes. The irradiation history for 
each sample was normalized by adjusting the power to reproduce the measured concentration of 148Nd in 
the sample within the experimental uncertainty (i.e., 148Nd burnup). The model for each sample included 
the time-dependent variation of the moderator density and moderator temperatures provided by the utility. 
 
Recent studies investigating the modeling and simulation of heterogeneous BWR assemblies using 
SCALE [10] identified several important findings that were applied in this study: 
 

 The default Dancoff factors generated by TRITON for highly heterogeneous and high void 
lattices are not sufficiently accurate. These factors are calculated automatically from a simple cell 
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approximation and applied to the CENTRM resonance cross section self-shielding calculations. 
For fuel rods near the periphery of the assembly, the default Dancoff factors can be up to 30% 
different than values calculated with the explicit heterogeneous lattice geometry. To improve the 
Dancoff representation, externally calculated Dancoff factors from calculations using the 3-D 
Monte Carlo MCDancoff code [9] were included in the model for each fuel rod. MCDancoff is a 
modified version of the KENO-VI code used to compute Dancoff factors for arbitrary, 
nonuniform lattice configurations.  

 Dancoff factors were first generated at 0%, 40%, 80%, and 100% void for the SVEA-96 and 
GE14 assembly designs. Because of the significant variation in the void between cycles, cycle-
averaged values were interpolated and applied in each cycle simulation.  

 To implement the externally calculated Dancoff factors for each cycle, it was necessary to model 
each cycle separately. The calculated fuel rod concentrations from the end of each cycle were 
applied as the initial concentration in the next cycle using a boot-strap approach that allows new 
cases to be restarted using compositions from a previous calculation. 

 The irradiation history was simulated in detail with transport calculations performed at burnup 
intervals of approximately 2 GWd/MTU or less. 

 The detailed time-dependent void history was applied in the calculations and updated at each 
transport calculation step using the TIMETABLE option in TRITON. 

 

3.2  SVEA-96 OPTIMA ASSEMBLY 
 

3.2.1 Description 
 
SVEA-96 assembly AIA003 was irradiated in the Leibstadt reactor for seven consecutive cycles during 
cycles 15 to 21. The assembly was discharged March 28, 2005. The power levels, fuel temperatures, and 
void concentrations for each cycle were provided by the utility for the axial nodes corresponding to the 
sample locations. The data show large variations as functions of burnup in each of the three nodes that 
contained the measured fuel segments. [As examples, Figure 3-2 and Figure 3-3 show the variations of 
specific power level, fuel temperature, and void concentration in node 4 as a function of effective full-
power days (EFPDs).] 
 
The lattice configuration of the Leibstadt SVEA-96 Optima assembly AIA003 is shown in Figure 3-1. 
The presence of eight partial-length rods in the assembly results in different fuel rod configurations in the 
upper section (253.5 cm to 381.0 cm elevation) and lower section (0 cm to 253.5 cm elevation) of the 
assembly. The lower section of the assembly, with all fuel rods present, is referred to as the dominant 
zone. In the upper section, referred to as the vanished zone, the locations of the partial-length rods that 
contained fuel in the dominant zone are replaced by water. The measured H6 fuel rod, with an initial 
enrichment of 3.90 wt % 235U, is highlighted in red. The axial locations of the samples from rod H6 are 
shown in  
 
Figure 3-1. The axial nodes corresponding to the vanished zone are shown as shaded regions of the fuel 
rod.  The figure illustrates the fuel rod configuration in the dominant and vanished zones of the assembly, 
and shows the fuel rod enrichment configuration (shown by unique rod number) and the locations of the 
U-Gd rods.  
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Figure 3-1.  Leibstadt SVEA-96 assembly layouts for dominant zone (bottom) and vanished zone 

(top) and axial location of measured samples.   
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Figure 3-2. Power history for Leibstadt SVEA-96 assembly node 4. 
 

   
 

Figure 3-3. Fuel temperature and void histories for Leibstadt SVEA-96 assembly node 4. 
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Four samples from fuel segment KLU1 were obtained from adjacent elevations in node 4 of the dominant 
zone. Due to the small height of the KLU1 segment (3.25 cm), the fuel samples are expected to have 
experienced very similar operating conditions and have comparable isotopic compositions. These samples 
serve to monitor the repeatability of the measurements for uncertainty confirmation. Sample KLU2 was 
also taken from the dominant zone, while KLU3 was taken from the vanished zone. Sample KLU1 was 
measured by SCK•CEN, PSI, and Studsvik. Samples KLU2 and KLU3 were measured only by Studsvik. 
As discussed in Section 2, the Studsvik results were not used in this report. Therefore, only the KLU1 
sample has been analyzed at this time.  
 
3.2.2 Assembly Model 
 
The Leibstadt SVEA-96 assembly AIA003 was analyzed with a quarter assembly model as shown in 
Figure 3-4 for the dominant zone (full lattice) and the vanished zone (lattice minus the partial-length 
rods).  In this report, only the dominant zone model was used since KLU1 was the only sample analyzed 
in this study. All fuel rods were depleted individually, and radial subdivision of the gadolinium rods was 
used for more accurate time-dependent poison depletion. The enrichment zoning and location of the 
gadolinium rods in relation to the measured fuel rod is illustrated in Figure 3-1.  
 
The irradiation history for sample KLU1 was developed from the operator-provided data for axial node 4 
corresponding to the axial elevation of the sample. The detailed time-dependent information for node 4 
provided by the utility included: 
 

 thermal power history 
 void history 
 temperature history 
 moderator history 

 
These data were included in the model using the TIMETABLE option. As described previously, the 
Dancoff factors for each fuel rod were calculated externally and supplied to replace the default values that 
have been found to be inadequate for highly heterogeneous and high void lattices. 
 
The calculated thermal flux distribution in the assembly (quarter assembly model) is illustrated in 
Figure 3-5.  
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Figure 3-4. Subassembly (1/4) model for SVEA-96 dominant zone (bottom) and vanished zone 
(top). 

 
 

  

   H6 
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Figure 3-5. Thermal flux spatial distribution in subassembly model for SVEA-96 dominant 
zone. 

 
 
 
3.3 GE14 ASSEMBLY 
 
3.3.1 Description 
 
The fuel rod configuration of GE14 assembly GN592 is shown in Figure 3-6 for the lower section 
dominant zone (unshaded length of rod from 0 cm to 220.8 cm elevation) and upper section vanished 
zone (shaded length of the fuel rod from 220.8 cm to 368.0 cm).  In the vanished zone, the locations of 
the 14 partial-length rods that contained fuel in the dominant zone are replaced by water. The assembly 
design is highly heterogeneous, with nine different fuel enrichments and partial-length rods. 
 
The location of measured fuel rod J8 in Figure 3-6 is highlighted in red. This rod had an initial enrichment 
of 3.95 wt % and is positioned at the edge of the assembly, with an adjacent U-Gd rod and partial-length 
rod with water-filled adjacent site in the vanished region of the assembly. The axial location of the eight 
samples from rod J8 are also shown in Figure 3-6. The green-shaded regions at the top and bottom 
sections of the rod contain natural uranium.  Samples 1, 2, 3, 6, and 7 were all obtained from the 
dominant zone. Samples 1 and 2 are taken from adjacent locations in axial node 13, and samples 3 and 7 
are from adjacent locations in node 5. Due to the small axial length of the samples (1.0 cm), significant 
differences in operating conditions and isotopic composition of the fuel between adjacent samples are not 
expected, and these samples serve to verify the repeatability of the measurements for uncertainty 
confirmation. Samples 4, 5, and 8 were taken from the vanished region.  
 

Thermal neutron flux (arb. units) 
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Figure 3-7 illustrates the variation of specific power level and moderator void concentration in node 5 as a 
function of effective full-power days (EFPD) during cycles 16 to 20. Figure 3-8 shows the specific power 
and void for node 23, located near the top of the assembly.  The power level and moderator void exhibit 
large variations during irradiation in each of the six nodes that contained the measured fuel segments. 
These variations were explicitly modeled. Only the average fuel temperature was provided by the reactor 
operator.  



 

27 

 
 

Figure 3-6. GE14 assembly layout showing fuel rod configuration for dominant zone (bottom) and 
vanished zone (top), and axial locations of measured samples in rod J8. 
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Figure 3-7. Power and moderator void histories for Forsmark 3 GE14 node 5. 

 
Figure 3-8.  Power and moderator void histories for Forsmark 3 GE14 node 23. 
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3.3.2 GE14 Assembly Model 
 
The geometry of the GE14 10×10 assembly GN592 was modeled in full detail because there is only 
twofold symmetry in the assembly with respect to the placement of the gadolinium-bearing U-Gd rods. 
Figure 3-9 shows the dominant and vanished-zone lattice models. Radial subdivision of the gadolinium 
rods was used for more accurate time-dependent poison depletion. 
 
Because rod J8 was located on a narrow-gap side at the periphery of the assembly, away from the control 
blade, the control blade was not included in the model. Information on the neighbor assemblies during 
each cycle was provided by the utility. In this study, the neighbors were not included in the model and a 
white boundary condition was used for the assembly bounding conditions, simulating an infinite array of 
like assemblies. The relatively large separation of the assemblies (compared to PWR assemblies) is 
considered to significantly reduce the degree of neutronic interaction and impact of the assembly 
neighbors on the measured fuel rod.  Additional studies are under way to quantify the importance of 
including explicit neighbor assembly modeling on calculated spent fuel nuclide compositions. 
 
The calculated thermal flux distribution in the full-assembly model is illustrated in Figure 3-10.  
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Figure 3-9. Full assembly model for GE14 dominant (bottom) and vanished zones (top). 
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Figure 3-10. Thermal flux spatial distribution in full-assembly model for GE14 dominant zone. 
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4. RESULTS 

This section presents comparisons of calculated isotopic concentrations for all spent fuel samples with 
concentrations determined experimentally. The deviations are expressed as percent difference between the 
calculated and measured concentrations, that is, (C/M – 1)×100, where M is the measured concentration 
of the isotope at the time of measurement and C is the calculated isotopic concentration at the decay time 
that corresponds to the reported measurement date.  
 
The comparisons also include error bars associated with uncertainties in the measurements. The 
uncertainties evaluated in this report come from two sources: 1) a direct uncertainty associated with the 
nuclide measurements as reported by the measurement laboratory, and 2) an indirect uncertainty 
associated with uncertainty in the sample burnup, which is related to the uncertainty in the experimentally 
measured burnup monitors (e.g., 148Nd and 137Cs). The uncertainty due to burnup for a specific nuclide is 
estimated in this study on the basis of the measurement uncertainty for the measured burnup monitor and 
the sensitivity of that nuclide to changes in burnup. The sensitivity for each nuclide is determined by 
using calculated concentrations near the time of discharge. The burnup uncertainty is therefore different 
for each sample and each nuclide. The two components of measurement uncertainty provide a more 
realistic estimate of the total uncertainty.  The total uncertainty for each isotope was estimated by 
combining measurement uncertainties (σM) and burnup uncertainty (σB) as  
 

                                                  22
BMT    (1) 

 
with the exception of the measurement of the burnup indicator, as these uncertainty components are 
largely uncorrelated. 
 
The results are tabulated for each sample and measured nuclide as: 
 

 the percent deviation of the calculated concentration compared with the measured value  
(C/M  – 1),  

 reported 2 measurement uncertainties, 
 the uncertainty associated with the measured burnup for the sample (determined from the 

measured 148Nd burnup value at the 95% uncertainty limit) and the nuclide sensitivity to burnup, 
and 

 the total uncertainty combining both the measured and burnup uncertainty contributions  
σT in Eq. (1). 

 
Neodymium-148 is widely used as a fission product for burnup estimation. In the case of the Studsvik 
measurement of the GE14 fuel samples in the ENUSA program, the 148Nd measurement uncertainty (95% 
confidence) was relatively large, ranging from about 4% to 14%.  For samples with large 148Nd 
measurement uncertainty, additional burnup monitors with generally much smaller measurement 
uncertainties were considered for burnup confirmation, including 137Cs, 139La, and 148Nd. In these cases 
however, the burnup uncertainty is still represented by the measured 148Nd uncertainty, resulting in a 
likely overestimation of the total measurement uncertainty for these samples. 
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4.1 LEIBSTADT SVEA-96 SAMPLES 
 

4.1.1 KLU1 
 
Sample KLU1 was obtained from fuel rod H6 of Leibstadt assembly AIA003. As discussed previously, 
only the KLU1 sample is currently considered for use in code validation due to suspected problems 
associated with the Studsvik measurements of the KLU2 and KLU3 samples at the present time. The 
KLU1 measurements used in this report were those performed independently by SCK•CEN and PSI.  
 
The uncertainties associated with the KLU1 sample burnup are very small due to the very high precision 
of measurements performed on the TIMS and MC-ICPMS instruments at SCK•CEN and PSI, 
respectively (1.8% and 0.5% uncertainty in 148Nd at the 95% confidence level).The 148Nd contents 
measured by the two laboratories, used for burnup determination, were in good agreement, within 2.6%. 
As the KLU1 samples are duplicates with the same expected nuclide content, a single calculation was 
performed.  The 148Nd burnup value used in the calculations was the value determined by PSI. This value 
had a smaller measurement uncertainty and yielded consistent agreement between calculated values for 
137Cs and 90Sr (alternative burnup indicator fission products) and measured results from both laboratories.  
 
Table 4-1 presents the results for the actinides and fission products of the KLU1 sample against both the 
SCK•CEN and PSI measurements. Because the measurements from both laboratories are compared to 
results from the same calculation, the deviations between the two sets of laboratory results reflect the 
differences between the measurements for the sample.  
 
Figure 4-1 shows the results for actinides, and fission product isotopes of cesium, cerium, and 
neodymium. Figure 4-2 shows results for the isotopes of samarium, europium, the metallic nuclides, and 
several radiologically important isotopes. A constant scale has been used on the y-axis (% deviation) in 
these figures to preserve the relative magnitude of the deviations.  
 
The agreement between the independent measurements performed by SCK•CEN and PSI is extremely 
good, and most measurements agree within the estimated experimental uncertainties. The largest 
differences observed between laboratories are several isotopes of americium and curium, 144Ce, and the 
metallic fission products.  
 
The calculated results for the major uranium and plutonium isotopes are observed to be in good 
agreement with measurements. These isotopes generally agree to better than 6.5% with the notable 
exception of 238Pu, underpredicted by ~12%. The measured results for 235U are consistent between the two 
laboratories (3% difference), although the observed differences between calculations and measurements 
are larger than the estimated measurement uncertainties at both laboratories (<1% at the 95% confidence 
level). A similar difference is observed for 239Pu.  Some differences may be attributed to axial variations 
in the nuclide content of the two samples caused by local variations in the sample environment, although 
the close proximity of the samples, cut from adjacent positions of the fuel rod, suggests nearly identical 
compositions as has been assumed in this report (i.e., separate calculations were not performed for each 
sample).  
 
The results for the minor actinides show more variability than the major actinides. Note that these 
nuclides also have much larger measurement uncertainty. The curium isotopes exhibit significant 
differences between laboratories, indicating a significant level of uncertainty in the measurement data. 
 
Cesium isotopes (important decay heat and radiological nuclides) are in good agreement with 
measurements, within < 6%, with the exception of 134Cs, which is overpredicted by ~10%. The result for 
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134Cs is notably different than the one observed in a recent isotopic validation study for PWR fuel samples 
[11] that showed good agreement of measurements with calculations performed using ENDF/B-VII cross 
sections. The concentration of 134Cs is very sensitive to the 133Cs neutron capture cross section (significant 
changes in calculated results were observed when changing from ENDF/B-V to ENDF/B-VII cross 
sections for PWR fuel analysis). The consistent laboratory results for all cesium isotopes considered here 
suggests a possible deficiency in the model, possibly related to the cross sections for heterogeneous 
lattices with high moderator void. 
 
Neodymium isotopes are predicted within 6.8% of the measurements. The samarium isotopes show a 
consistent level of agreement, also within 6.7%. The laboratory measurements of the europium isotopes 
are consistent and show an underprediction of 151Eu and overprediction of the important gamma-emitting 
nuclide 154Eu.  The laboratory results for 155Eu and 155Gd are inconsistent, indicating potential 
measurement problems. The deviations between calculations and measurements for 155Eu and 155Gd are 
expected to be very similar because the concentration of 155Gd is produced entirely from the decay of 
155Eu after discharge. Therefore any bias in 155Eu will directly impact 155Gd bias with a similar magnitude. 
These deviations are not consistent, again, possibly indicating biases in the measurements or errors in the 
decay times used in the calculations.  
 
The calculated result for 90Sr, an important radiological beta emitter and contributor to dose in safety 
analyses, is in excellent agreement with measurements, within 1.3%. The results for 129I, another 
important radionuclide for long-term waste management safety studies, show that this nuclide is predicted 
within 19% of the measurements, although there is considerable uncertainty in the measurements. 
 
The metallic nuclides 95Mo, 99Tc, 109Ag, and 103Rh have large neutron capture cross sections and are 
important in nuclear criticality safety (burnup credit). The results between the different laboratories are in 
fair agreement and suggest the calculated concentrations are generally overpredicted. These nuclides are 
difficult to measure because they are insoluble in nitric acid, and measurements frequently underestimate 
the content due to incomplete recovery of the nuclides into solution. However, the level of agreement 
between the independent laboratory measurements indicates that the observed discrepancy is more likely 
attributed to calculations than to measurements. 
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Table 4-1. Results for Leibstadt SVEA-96 sample KLU1 

Sample ID KLU1/2 KLU1/3A 
Measuring lab SCK•CEN PSI 

Nuclide 
C/M-1 

(%) 

2 uncertainties 
C/M-1 

(%) 

2 uncertainties 
Meas. 
(%) 

Burnup 
(%) 

Total 
(%) 

Meas. 
(%) 

Burnup 
(%) 

Total 
(%) 

U-234 2.8 0.8 0.5 0.9 0.7 0.7 0.5 0.9 
U-235 6.6 0.7 2.4 2.5 3.4 0.4 2.4 2.4 
U-236 -2.4 0.7 0.0 0.7 -3.7 0.4 0.0 0.4 
U-238 0.2 0.7 0.0 0.7 -1.2 0.4 0.0 0.4 
Pu-238 -11.0 2.1 0.9 2.3 -12.0 5.1 0.9 5.2 
Pu-239 7.5 1.1 0.2 1.2 4.3 0.9 0.2 0.9 
Pu-240 3.3 1.1 0.2 1.1 1.0 0.9 0.2 0.9 
Pu-241 3.5 1.1 0.0 1.1 2.3 0.9 0.0 0.9 
Pu-242 -6.2 1.1 0.9 1.5 -7.5 0.9 0.9 1.3 
Np-237 6.7 20.0 0.4 20.0 14.1 5.0 0.4 5.0 
Am-241 19.7 3.5 1.0 3.6 4.5 2.6 1.0 2.8 
Am-242m -18.2 34.6 1.4 34.6 -12.6 20.2 1.4 20.2 
Am-243 8.0 3.6 1.3 3.8 7.6 2.6 1.3 2.9 
Cm-242 -18.7 19.1 1.7 19.1     
Cm-243 -28.5 14.6 0.4 14.6 108.9 18.0 0.4 18.0 
Cm-244 -6.0 14.6 1.8 14.7 -17.4 1.2 1.8 2.2 
Cm-245 27.9 4.0 2.0 4.5 -1.6 1.2 2.0 2.4 
Cm-246 48.4 10.0 3.3 10.5 -26.5 1.2 3.3 3.5 
Cs-133 6.3 6.2 0.3 6.2 2.0 1.5 0.3 1.5 
Cs-134 9.4 4.2 0.1 4.2 11.0 1.5 0.1 1.5 
Cs-135 2.7 5.2 0.7 5.2 1.0 1.5 0.7 1.7 
Cs-137 -0.5 4.1 0.4 4.1 0.1 1.5 0.4 1.5 
Ce-144 13.1 6.3 2.0 6.6 -11.4 15.5 2.0 15.6 
Nd-142 -0.4 1.7 1.3 2.1 -0.6 0.8 1.3 1.5 
Nd-143 6.8 1.7 0.2 1.7 4.7 0.2 0.2 0.3 
Nd-144 -1.0 1.7 0.8 1.8 -2.4 0.2 0.8 0.8 
Nd-145 -0.5 1.7 0.3 1.7 -2.5 0.4 0.3 0.5 
Nd-146 2.5 1.7 0.6 1.8 0.9 0.3 0.6 0.7 
Nd-148 2.6 1.8 0.5 1.9 0.2 0.5 0.5 0.7 
Nd-150 3.7 2.4 0.5 2.4 0.9 0.6 0.5 0.8 
Pm-147 6.2 27.4 0.9 27.4 17.9 11.3 0.9 11.4 
Sm-147 3.9 1.1 0.9 1.4 1.0 1.0 0.9 1.3 
Sm-148 -1.8 1.1 0.9 1.4 -3.3 1.0 0.9 1.3 
Sm-149 -3.8 1.1 0.4 1.2 -6.6 23.2 0.4 23.2 
Sm-150 6.7 1.1 0.3 1.1 4.6 1.0 0.3 1.0 
Sm-151 2.6 1.1 0.0 1.1 1.6 1.0 0.0 1.0 
Sm-152 1.3 1.1 0.3 1.1 -0.8 1.0 0.3 1.0 
Sm-154 3.4 1.1 0.6 1.3 5.0 1.0 0.6 1.2 
Eu-151 -28.2 0.7 1.1 1.3 -27.4 28.2 1.1 28.2 
Eu-153 6.1 0.7 0.4 0.8 6.1 1.3 0.4 1.4 
Eu-154 13.1 4.1 0.4 4.1 13.4 1.4 0.4 1.4 
Eu-155 -4.9 4.9 0.5 4.9 7.2 1.6 0.5 1.7 
Gd-155 10.1 1.4 0.4 1.5 15.4 5.0 0.4 5.0 
Sr-90 -1.3 15.4 0.2 15.4 -1.3 2.0 0.2 2.0 
Mo-95 8.2 13.7 0.3 13.7 18.9 4.5 0.3 4.5 
Tc-99 16.9 13.6 0.3 13.6 35.3 4.2 0.3 4.2 
Ru-101 27.7 12.9 0.5 12.9 16.3 3.7 0.5 3.8 
Ru-106 18.9 5.0 1.1 5.1 -2.0 10.5 1.1 10.6 
Rh-103 7.1 12.7 0.2 12.7 23.5 3.9 0.2 3.9 
Ag-109 34.7 15.0 0.6 15.0 35.7 4.6 0.6 4.6 
Sb-125 75.1 5.4 0.5 5.4 26.1 6.4 0.5 6.4 
I-129 18.6 40.4 0.5 40.4 -17.3 6.6 0.5 6.6 
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Figure 4-1.  Deviation of calculated and measured concentrations for sample KLU1 (U, Pu, Ce, Cs, 

and Nd). 
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Figure 4-2.  Deviation of calculated and measured concentrations for sample KLU1 (Sm, Eu, 
metallics, and radiological isotopes). 

 
 
4.2 FORSMARK GE14 SAMPLES 
 
Samples were obtained from fuel rod J8 of Forsmark 3 GE14 assembly GN592. At several nodes, two 
adjacent samples were analyzed as a monitor of measurement consistency. Note that for these replicate 
samples (samples 1 and 2, and samples 3 and 7) a single calculation was performed using the measured 
data for samples 1 and 3. 
 
The tabulated results of deviations between calculations and measurements are presented in Table 4-2. 
Results for samples 2 and 7 are not listed since they are similar to the replicate samples 1 and 3, obtained 
from the same elevation of the fuel rod. These results include the relative deviation between the 
calculated and measured nuclide content, the relative measurement uncertainty, the relative uncertainty 
associated with the burnup estimate for the sample, and the total combined uncertainty related to the 
measurements. The burnup values used in the calculations were based on the measured concentrations 
and uncertainties for 148Nd, a widely used experimental burnup monitor.  As observed in Table 4-2, the 
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uncertainty associated with the burnup estimate is comparable and sometimes larger than the direct 
measurement uncertainty due to the relatively large uncertainty in the measured 148Nd content.  
 
The following sections discuss the results for selected measured isotopes. The data are presented 
graphically for the selected nuclides. 
 

4.2.1 Burnup Monitor Isotopes 
 
The burnup values used in the calculations were based on the measured concentration of 148Nd by 
adjusting the operating power in the simulations such that the calculated 148Nd content matched the 
measured value for each sample.  In the case of the measurements performed by Studsvik, the 148Nd 
uncertainties (95% confidence) were large, varying from about 4% for some samples to more than 14% 
for other samples (see Table 4-2).  To provide cross checks of sample burnup, other fission product 
burnup monitors with generally lower measurement uncertainty were evaluated to verify the consistency 
of the burnup estimated using 148Nd burnup.  Other isotopes included 137Cs, 139La, and 146Nd—all long-
lived or stable fission products with concentrations that are relatively proportional to burnup.   
 
The burnup uncertainties applied in this study are based exclusively on 148Nd, although the application of 
other burnup indicators may reduce the error in the burnup estimate. Therefore, the uncertainties given in 
this report are expected to be conservative.  The sample burnup predicted based on 148Nd is listed in Table 
4-2. The values are within 1% of the 148Nd burnup values determined by Studsvik. 
 
The deviations for the fission products 148Nd, 137Cs, 139La, and 146Nd are shown in Figure 4-3. The 
calculations were normalized to the 148Nd content; therefore, there are no deviations for 148Nd. Both 137Cs 
and 139La are also widely used as burnup indicators. Fission product 146Nd is also used as a burnup 
indicator, as it is long lived and is measured with relatively high accuracy due to its higher isotopic 
concentration in the samples relative to 148Nd.  Notwithstanding the relatively large measurement errors, 
the use of 148Nd for burnup produces generally good agreement for the other burnup indicators, 
particularly 137Cs and 146Nd. The calculated results for 139La are systematically low, suggesting the burnup 
in the samples is underestimated. However, the measurement errors for 139La (~12%) are significantly 
larger than for 137Cs (~2%) and all 139La results are in agreement within the experimental uncertainties. 
Based on these observations, the burnup based on 148Nd was considered to be reliable for application in 
this study. 
 
Data evaluations to provide improved burnup estimates with reduced uncertainties for the samples based 
on multiple burnup indicators are continuing under the experimental program. 
 
 

4.2.2 Uranium Isotopes 
 
The deviations for the major uranium isotopes are shown in Figure 4-4 as a function of axial elevation of 
each sample. The results are generally within the estimated uncertainties. The results for 235U exhibit large 
variability; however, there is a large uncertainty associated with the burnup estimate of the samples (see 
Table 4-2). At the high burnup levels of these samples, a 1% change in the burnup can cause a 6% change 
in the 235U concentration. The uncertainty in the 235U results that is attributed to the burnup uncertainties 
(from 148Nd) was greater than 20% for most samples. This result highlights the importance of extremely 
accurate measurements of the burnup indicators of the fuel to validate nuclides such as 235U. 
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4.2.3 Plutonium Isotopes 
 
The deviations for the plutonium isotopes are shown in Figure 4-5 (238Pu is included in Figure 4-6). The 
results show consistent behavior for all samples. All isotopes are generally predicted within about 10% of 
measurements. The 239Pu and 241Pu content is generally predicted within experimental uncertainty, with a 
small under prediction of less than 5%. The results for 240Pu are over predicted but are generally within 
about 10% of measurement.  The results for 238Pu are under predicted by about 10% for most samples; 
however, the uncertainty due to the burnup error is significant and most results are within experimental 
uncertainty.  
 
The 239Pu result for sample 4 (~2500 mm) exhibits the largest deviation of all samples, showing an under 
prediction of about 10%.  Further review of this sample indicates it was obtained at an elevation 
approximately 250 mm above the transition height of the dominant and vanished axial zones. The GE14 
assembly has a plenum region containing additional hardware above the partial-length fuel rods, with a 
length of about 300 mm, placing sample 4 very near the plenum region.  The under prediction of 239Pu 
suggests that the actual spectrum in node 17 was harder (i.e., less moderation) than was present in the 
model. This result is consistent with the presence of plenum hardware, not included in the model. 
Additional information of the plenum region may be used to improve the model representation and 
neutronic environment of this region. 
 
4.2.4 Minor Actinides 
 
Results for the minor actinides 237Np, 238Pu, 241Am and 243Am are shown in Figure 4-6. The results for 
237Np are within 5% of measurement on average, and 243Am results are within the experimental 
uncertainties. The 241Am results show good agreement with measurements; generally within 10% for all 
samples. The uncertainties for these nuclides are large, with significant contributions from both the 
measurement error and burnup estimates (see Table 4-2). 
 

4.2.5 Cesium Isotopes 
 
The cesium results shown in Figure 4-7 are generally well predicted with the exception of 134Cs, 
consistently under predicted by more than 10% on average. Both 134Cs and 137Cs are important 
radiological fission products and gamma emitters, and contribute to decay heat. The 133Cs isotope has a 
large neutron capture cross section and is an important fission product in nuclear criticality safety 
involving irradiated fuel. Cesium-133 is well predicted and is within 7% of measurements on average. 
The 135Cs isotope, a long-lived fission product important to waste management applications, is predicted 
to within 1% of measurements.  
 

4.2.6 Neodymium Isotopes 
 
Neodymium results are shown in Figure 4-8. The results for 148Nd are not shown since they show no 
deviation because the calculations were normalized to measured 148Nd. Both 143Nd and 145Nd are 
important in nuclear criticality safety, and they exhibit a small over prediction on average of about 8% 
and 3%, respectively. 
 

4.2.7 Samarium Isotopes 
 
The samarium isotopes, shown in Figure 4-9 (152Sm is included in Figure 4-10), are important to nuclear 
criticality safety. The results are generally predicted within experimental uncertainty. Samarium-149, and 
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important fission product in burnup credit, is under predicted by 12% on average. The reported relative 
uncertainty in measured 149Sm was large, up to 16% due to its relatively low isotopic concentration in the 
samples, and may have contributed to the observed deviations. 
 

4.2.8 Europium and Gadolinium Isotopes 
 
Europium and gadolinium results are shown in Figure 4-10. The results are generally within the 
experimental uncertainties. The results for 155Eu and 155Gd are over predicted by about 10% on average. 
The consistent behavior of these nuclides is expected since 155Gd is the decay daughter of 155Eu. The 
agreement indicates the measurements are self-consistent.  
 

4.2.9  Metallic Isotopes and Other Fission Products 
 
Results for the metallic fission products 95Mo, 99Tc, 103Rh, and 109Ag are presented in Figure 4-11. Results 
for 95Mo and 99Tc are over predicted by about 10%, and most results are within experimental uncertainty. 
The result for 103Rh, an important fission product in nuclear criticality safety, is in good agreement with 
experiment, within 2% on average. The results for 109Ag are over predicted by upwards of 30%; however, 
the results show significant variability and large error bars. The over prediction may be related to 
problems associated with the stability of 109Ag during the measurements and incomplete recovery (i.e., 
low measured concentrations). 
 
Results for radiological isotopes 90Sr, 106Ru, 125Sb, and 129I are shown in Figure 4-12. All nuclides are 
generally within the experimental errors but show considerable variability and have large measurement 
uncertainties.  
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Table 4-2. Results for Forsmark 3 GE14 Samples 

Sample ID GN592-J8-1 GN592-J8-3 GN592-J8-4 
Burnup 

(GWd/MTU) 
50.86 51.90 56.65 

Elevation 
(mm) 

1842–1852 712–722 2503–2513 

Nuclide 
C/M-1 

(%) 

2 uncertainties 
C/M-1 

(%) 

2 uncertainties 
C/M-1 

(%) 

2 uncertainties 
Meas. 
(%) 

Burnup 
(%) 

Total
(%) 

Meas.
(%) 

Burnup
(%) 

Total 
(%) 

Meas. 
(%) 

Burnup
(%) 

Total
(%) 

U-234 0.2 7.8 3.5 8.5 -7.5 7.4 5.0 9.0 -5.0 8.0 14.7 16.8
U-235 -3.1 3.2 13.4 13.8 -22.2 3.2 21.0 21.3 -27.1 3.3 62.0 62.1
U-236 -6.4 3.2 1.3 3.4 -4.3 3.1 1.0 3.3 -3.0 3.2 3.8 4.9
U-238 -0.6 2.0 0.0 2.0 -1.0 2.0 0.6 2.1 -0.9 2.0 1.2 2.3
Pu-238 -13.1 5.6 9.4 10.9 -7.5 23.8 12.7 27.0 -6.8 3.8 29.0 29.2
Pu-239 -3.9 3.8 4.5 5.9 -3.1 2.9 2.0 3.6 -9.9 3.1 15.1 15.4
Pu-240 9.2 3.8 2.4 4.5 7.6 3.3 2.5 4.2 12.2 3.2 4.9 5.9
Pu-241 -4.6 4.0 0.0 4.0 -1.1 3.3 1.0 3.4 -5.4 3.6 3.1 4.8
Pu-242 -2.8 3.9 10.2 10.9 8.9 3.2 12.1 12.5 13.7 3.6 33.6 33.7
Np-237 2.4 12.4 3.5 12.9 9.4 12.5 5.8 13.8 7.8 12.3 11.2 16.6
Am-241 6.3 3.5 7.6 8.3 8.1 6.1 14.3 15.6 3.2 5.5 14.5 15.5
Am-243 7.2 10.4 12.3 16.1 26.9 6.6 16.3 17.6 22.3 8.9 41.3 42.2
Cm-244 41.7 13.6 16.7 21.6 94.4 13.5 23.7 27.3 88.5 12.6 58.3 59.7
Cm-246 43.2 20.7 27.7 34.6 75.6 44.4 36.1 57.2 84.6 32.6 105.5 110.4
Cs-133 -12.1 2.4 3.6 4.3 -1.6 2.8 4.0 4.9 2.7 2.8 11.5 11.9
Cs-134 -16.6 4.3 2.3 4.8 -4.9 4.9 0.7 4.9 -6.2 4.0 10.0 10.8
Cs-135 -0.2 2.6 6.1 6.6 -1.1 2.7 7.6 8.1 -1.5 3.0 20.1 20.4
Cs-137 -5.8 2.1 3.9 4.4 0.2 2.6 4.3 5.0 3.3 2.5 14.1 14.3
Ce-140 -5.1 3.2 4.6 5.6 -0.5 7.3 5.3 9.0 3.7 10.8 15.7 19.1
Ce-142 -8.9 3.2 4.4 5.4 -1.8 6.7 5.1 8.4 0.1 10.8 14.4 18.0
Ce-144 -35.2 19.9 9.8 22.2 -38.6 19.2 21.8 29.0 -36.5 17.0 31.5 35.8
La-139 -7.0 12.3 4.2 13.0 -6.0 12.9 4.7 13.7 -4.3 12.2 14.4 18.9
Nd-142 -3.5 8.9 11.1 14.2 7.7 4.2 14.1 14.7 12.6 3.9 41.8 41.9
Nd-143 11.3 4.7 0.7 4.8 6.6 4.4 1.2 4.6 7.8 4.9 3.3 5.9
Nd-144 0.6 3.3 7.6 8.3 5.9 4.7 9.5 10.6 10.8 5.0 26.2 26.7
Nd-145 3.5 3.6 3.5 5.0 4.5 6.0 3.4 6.9 8.4 7.7 10.5 13.0
Nd-146 2.3 2.9 5.3 6.1 9.0 3.0 6.3 7.0 12.6 4.1 19.0 19.4
Nd-148 0.0 4.6 4.6 6.5 0.0 4.8 4.8 6.8 0.0 15.5 15.5 22.0
Nd-150 -1.7 7.1 5.0 8.7 5.2 3.0 6.0 6.7 1.8 7.2 17.5 19.0
Sm-147 9.9 4.5 8.2 9.3 12.2 7.6 11.4 13.7 22.0 11.4 25.3 27.8
Sm-148 -5.8 4.7 7.9 9.2 7.3 7.1 10.4 12.6 10.8 11.2 27.9 30.1
Sm-149 -11.7 8.7 6.1 10.6 -12.8 11.1 5.8 12.5 -23.4 16.0 19.1 24.9
Sm-150 2.8 4.8 3.7 6.1 11.9 7.3 3.9 8.3 16.6 10.8 11.4 15.7
Sm-151 -8.8 6.7 2.3 7.1 0.6 22.2 0.0 22.2 -5.6 18.2 7.2 19.6
Sm-152 5.9 4.1 3.6 5.4 2.9 6.3 3.1 7.0 15.3 6.7 12.0 13.8
Sm-154 0.0 10.2 6.3 12.0 5.0 10.7 6.7 12.6 12.1 13.1 20.7 24.5
Eu-153 11.2 3.7 4.8 6.1 16.8 7.7 5.6 9.5 19.1 2.4 15.4 15.6
Eu-154 10.6 9.1 3.1 9.6 22.4 11.1 5.3 12.3 12.0 8.7 9.7 13.0
Eu-155 18.5 33.3 5.8 33.8 19.9 10.3 5.3 11.6 9.7 11.0 18.0 21.0
Gd-154 15.9 14.3 15.5 21.1 22.1 16.7 24.1 29.3 15.6 13.3 50.9 52.7
Gd-155 10.3 14.8 3.1 15.1 11.7 11.5 10.9 15.9 11.2 6.7 7.6 10.1
Gd-156 -6.6 11.6 11.9 16.6 6.6 8.7 15.6 17.9 6.2 3.6 43.0 43.2
Gd-158 0.0 19.4 8.7 21.2 14.6 7.4 11.4 13.6 11.7 17.1 33.7 37.8
Mo-94 -99.7 44.1 10.6 45.4 -99.5 27.0 14.2 30.5 -99.6 26.3 38.1 46.3
Mo-95 8.8 9.2 4.2 10.1 8.6 7.2 5.0 8.7 27.5 15.6 13.0 20.3
Mo-96 -19.2 28.2 10.1 29.9 -20.0 26.8 13.5 30.0 9.8 6.7 37.1 37.7
Mo-97 5.9 7.7 4.2 8.7 5.8 6.9 4.9 8.5 20.6 5.7 15.3 16.3
Mo-98 -2.5 8.9 4.4 9.9 -0.5 6.9 5.2 8.7 10.5 7.4 15.5 17.2
Mo-100 -7.7 9.4 4.7 10.5 -5.6 7.4 5.4 9.2 3.9 8.0 16.4 18.2
Sr-90 -10.7 11.5 2.4 11.8 -7.2 11.7 2.1 11.9 -8.1 11.9 7.9 14.3
Tc-99 3.8 11.7 3.7 12.3 4.5 11.6 4.2 12.3 9.6 11.8 11.8 16.7
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Table 4-2. (continued) 

Sample ID GN592-J8-1 GN592-J8-3 GN592-J8-4 
Burnup 

(GWd/MTU) 
50.86 51.90 56.65 

Elevation 
(mm) 

1842–1852 712–722 2503–2513 

Nuclide 
C/M-1 

(%) 

2 uncertainties 
C/M-1 

(%) 

2 uncertainties 
C/M-1 

(%) 

2 uncertainties 
Meas. 
(%) 

Burnup 
(%) 

Total
(%) 

Meas.
(%) 

Burnup
(%) 

Total 
(%) 

Meas. 
(%) 

Burnup
(%) 

Total
(%) 

Ru-101 -6.1 11.9 4.7 12.8 -6.5 11.8 5.1 12.9 2.4 11.8 15.8 19.7
Ru-102 2.3 11.5 5.0 12.6 2.2 11.6 6.2 13.2 15.4 13.1 18.5 22.6
Ru-104 -31.2 11.6 5.8 13.0 -30.2 11.6 7.6 13.9 -20.5 11.8 20.3 23.5
Ru-106 4.3 16.5 3.5 16.9 3.7 15.9 10.3 18.9 23.5 16.9 8.8 19.0
Rh-103 2.2 11.9 2.9 12.2 -0.6 11.8 3.6 12.3 4.3 15.8 7.9 17.7
Pd-105 8.4 11.6 5.9 13.0 10.5 12.2 8.2 14.7 19.6 12.0 21.3 24.4
Pd-107 0.6 13.5 7.2 15.3 5.4 14.6 9.1 17.2 11.9 12.6 25.3 28.3
Pd-108 0.6 11.8 7.6 14.0 2.5 11.6 9.5 15.0 15.8 12.5 26.6 29.4
Pd-110 -46.1 14.2 7.7 16.2 -44.3 11.6 9.7 15.1 -39.4 13.3 26.8 29.9
Ag-109 28.6 12.6 6.2 14.0 29.6 11.8 7.3 13.9 32.8 12.2 21.0 24.3
Cd-111 28.8 13.5 7.8 15.6 34.7 13.6 10.1 16.9 49.6 15.6 27.4 31.6
Cd-112 -48.9 13.5 7.3 15.3 -49.2 17.0 9.3 19.4 -42.6 13.5 26.0 29.3
Cd-114 52.1 12.7 6.5 14.3 48.1 15.2 8.1 17.2 65.4 14.4 23.7 27.7
Sb-125 -15.5 33.3 0.7 33.3 -18.6 33.3 3.4 33.5 -18.5 42.9 1.9 42.9
I-129 -23.4 42.2 5.0 42.5 -19.5 36.1 5.9 36.6 16.2 35.7 17.5 39.8

 
Sample ID GN592-J8-5 GN592-J8-6 GN592-J8-8 

Burnup 
(GWd/MTU) 

43.53 43.12 38.20 

Elevation 
(mm) 

3277–3287 397–407 3384–3394 

U-234 0.2 8.0 7.0 10.6 -1.9 7.8 6.4 10.1 4.0 8.7 3.3 9.3
U-235 -2.4 3.1 24.9 25.1 -4.4 3.1 26.4 26.6 5.2 3.1 10.9 11.3
U-236 -3.5 3.2 4.0 5.1 -3.5 3.1 3.3 4.6 -1.5 3.3 2.9 4.4
U-238 -0.3 2.0 0.0 2.0 -0.5 2.0 0.0 2.0 -0.3 2.0 0.3 2.0
Pu-238 -16.1 3.7 23.4 23.7 -10.6 4.1 25.0 25.4 -20.0 11.7 13.6 17.9
Pu-239 -2.2 3.1 6.6 7.3 -2.6 3.0 1.6 3.4 0.8 2.9 2.4 3.8
Pu-240 9.1 3.2 7.4 8.1 1.4 3.1 6.2 7.0 7.1 3.0 4.9 5.7
Pu-241 -4.2 3.4 4.6 5.7 -4.7 3.4 4.4 5.6 -2.9 3.2 3.3 4.6
Pu-242 -3.2 3.4 25.3 25.5 -4.8 4.0 20.4 20.7 -5.3 3.7 14.1 14.5
Np-237 2.0 12.7 11.1 16.9 2.4 12.6 9.7 15.9 0.0 12.6 5.9 13.9
Am-241 10.6 4.1 9.5 10.3 5.9 3.3 27.8 28.0 5.5 7.4 11.1 13.3
Am-243 10.0 4.7 32.0 32.3 -4.6 23.1 30.5 38.2 -21.2 47.1 18.2 50.5
Cm-244 39.3 13.1 43.4 45.4 48.1 13.6 42.1 44.2 24.7 12.1 24.8 27.6
Cm-246 9.5 32.0 67.9 75.1 18.3 87.5 64.6 108.7 -17.8 30.8 38.3 49.1
Cs-133 -5.3 2.9 9.2 9.6 -8.1 2.9 6.7 7.3 -6.1 2.8 5.0 5.7
Cs-134 -17.3 5.6 14.3 15.4 -12.9 6.5 2.4 6.9 -16.6 13.8 6.2 15.1
Cs-135 -1.4 3.0 11.1 11.5 -2.8 2.8 13.1 13.4 -0.5 2.8 6.4 7.0
Cs-137 -5.9 2.9 9.7 10.2 -7.9 2.4 7.0 7.4 -6.8 2.5 5.2 5.8
Ce-140 -7.1 3.8 10.8 11.4 -12.9 6.5 8.3 10.6 -11.6 8.2 5.6 10.0
Ce-142 -3.9 3.1 10.2 10.7 -7.2 3.4 7.9 8.6 -8.2 5.9 5.5 8.0
Ce-144 -4.0 17.8 4.2 18.3 -10.8 16.9 35.5 39.3 -1.3 16.2 6.9 17.6
La-139 -11.8 12.5 10.1 16.1 -13.5 12.4 7.9 14.7 -15.5 12.5 5.5 13.7
Nd-142 -17.4 10.8 26.0 28.2 -14.8 5.0 22.7 23.3 -34.9 5.7 13.8 15.0
Nd-143 9.0 4.2 3.4 5.4 7.1 4.3 1.0 4.4 7.4 4.2 2.3 4.8
Nd-144 1.4 4.5 15.9 16.5 -2.8 3.3 15.4 15.8 -2.1 4.0 9.4 10.2
Nd-145 2.1 5.7 8.1 9.9 -2.4 5.2 6.2 8.1 2.9 3.9 5.0 6.3
Nd-146 1.5 3.3 12.2 12.6 0.6 3.0 10.6 11.0 1.9 3.0 6.7 7.3
Nd-148 0.1 11.1 11.1 15.7 -0.1 7.4 7.4 10.5 0.0 5.6 5.6 7.9
Nd-150 -4.2 6.6 11.8 13.5 -6.0 5.0 9.9 11.1 -1.5 14.6 6.4 16.0
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Table 4-2. (continued) 

Sample ID GN592-J8-5 GN592-J8-6 GN592-J8-8 
Burnup 

(GWd/MTU) 
43.53 43.12 38.20 

Elevation 
(mm) 

3277–3287 397–407 3384–3394 

Nuclide 
C/M-1 

(%) 

2 uncertainties 
C/M-1

(%) 

2 uncertainties 
C/M-1 

(%)

2 uncertainties 
Meas. 

(%) 
Burnup 

(%) 
Total 

(%)
Meas.

(%)
Burnup

(%)
Total 

(%)
Meas. 

(%) 
Burnup

(%)
Total

(%)
Sm-147 -14.1 5.5 14.2 15.2 -14.0 10.1 20.1 22.5 -15.1 8.3 10.1 13.1
Sm-148 -0.2 6.4 18.4 19.5 1.0 10.2 17.7 20.4 -5.2 6.3 10.3 12.1
Sm-149 -12.5 16.0 8.4 18.1 -10.4 35.3 11.3 37.1   
Sm-150 6.4 7.0 9.7 12.0 7.8 10.4 7.1 12.6 7.4 6.7 5.3 8.6
Sm-151 15.5 22.2 3.1 22.4 20.2 28.6 0.0 28.6 1.5 20.0 1.2 20.0
Sm-152 8.0 6.0 7.9 9.9 0.7 9.7 5.0 10.9 6.5 3.2 4.3 5.4
Sm-154 -5.4 8.0 13.7 15.9 -7.6 12.5 12.0 17.3 -9.9 9.1 7.6 11.8
Eu-153 -0.2 17.2 12.6 21.3 8.9 5.9 10.4 12.0 8.4 6.7 7.5 10.0
Eu-154 8.8 22.2 12.5 25.5 14.5 6.7 11.0 12.9 1.0 12.5 7.7 14.7
Eu-155 -4.6 33.3 16.1 37.0 13.3 17.0 10.2 19.9 -2.5 12.5 9.2 15.5
Gd-154 14.4 18.2 28.5 33.8 23.8 11.1 41.7 43.1 9.5 22.2 19.7 29.7
Gd-155 19.8 10.0 3.3 10.5 9.2 14.6 29.2 32.6 3.4 10.5 3.5 11.1
Gd-156 -6.7 6.3 27.7 28.4 -4.4 9.8 25.6 27.4 -13.4 6.2 14.6 15.8
Gd-158 9.9 20.0 20.4 28.6 9.8 11.1 17.7 20.9 0.3 11.8 10.4 15.7
Mo-94 -99.8 19.5 24.9 31.7 -99.9 48.5 23.7 54.0 -99.9 17.4 13.8 22.2
Mo-95 2.1 13.0 8.6 15.6 19.3 42.8 8.3 43.6 4.9 5.7 5.3 7.8
Mo-96 -64.9 27.6 23.6 36.3 -28.2 66.7 21.4 70.0 -29.6 6.3 12.6 14.1
Mo-97 -0.9 4.9 10.2 11.3 14.6 42.7 7.6 43.4 -1.0 5.5 5.4 7.7
Mo-98 -1.1 15.2 10.5 18.4 6.8 42.7 9.2 43.7 -7.5 6.0 6.0 8.5
Mo-100 -7.7 15.0 11.0 18.6 0.5 42.8 8.8 43.7 -13.8 5.7 5.8 8.1
Sr-90 -12.9 12.4 7.1 14.3 -12.0 11.6 3.8 12.2 -7.4 13.8 3.8 14.3
Tc-99 0.8 11.6 9.8 15.2 -2.3 12.2 6.8 14.0 -2.0 11.6 5.1 12.7
Ru-101 -8.9 11.8 10.6 15.8 -12.2 12.2 8.8 15.1 -13.2 11.8 6.0 13.2
Ru-102 -15.3 41.5 12.4 43.3 -11.2 12.3 9.7 15.7 -13.1 11.6 6.3 13.2
Ru-104 -32.5 11.7 14.1 18.4 -36.7 12.3 11.8 17.1 -35.7 11.8 7.3 13.9
Ru-106 10.1 16.8 5.9 17.8 6.6 17.8 16.8 24.5 1.6 17.5 0.3 17.5
Rh-103 -1.7 12.0 7.5 14.1 -7.7 12.2 6.5 13.8 -4.3 11.6 4.6 12.5
Pd-105 4.5 11.7 14.6 18.7 -0.5 12.5 13.3 18.2 2.2 12.1 8.3 14.7
Pd-107 -0.9 12.8 16.8 21.1 -9.2 12.1 14.8 19.1 -10.1 12.0 9.1 15.1
Pd-108 -7.3 12.7 17.7 21.8 -11.9 12.5 15.8 20.1 -10.1 12.1 9.5 15.4
Pd-110 -49.3 12.1 18.1 21.8 -50.9 12.8 15.8 20.4 -50.5 12.4 9.6 15.7
Ag-109 18.5 15.4 14.9 21.4 1.7 12.6 12.8 17.9 2.8 14.0 8.2 16.2
Cd-111 22.0 20.7 17.9 27.4 11.0 16.0 16.0 22.6 22.0 24.9 9.6 26.7
Cd-112 -56.2 11.8 16.9 20.6 -58.4 17.5 14.5 22.7 -60.9 11.8 8.8 14.7
Cd-114 21.8 12.9 15.1 19.9 28.2 19.3 13.0 23.3 27.8 26.0 8.0 27.2
Sb-125 37.4 15.9 4.4 16.5 24.7 16.1 5.8 17.1 23.5 15.9 1.5 16.0
I-129 -17.0 42.0 11.8 43.6 -41.9 57.3 9.9 58.1 -34.5 42.1 6.6 42.6
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Figure 4-3.  Deviations of calculated and measured concentrations for GE14 samples (137Cs, 139La, 
146Nd, and 148Nd).  
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Figure 4-4.  Deviations of calculated and measured concentrations for GE14 samples (234U, 235U, 
236U, and 238U). 
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Figure 4-5.  Deviations of calculated and measured concentrations for GE14 samples (239Pu, 
240Pu, 241Pu, and 242Pu). 
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Figure 4-6.  Deviations of calculated and measured concentrations for GE14 samples (237Np, 
241Am, 243Am, and 238Pu). 
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Figure 4-7.  Deviations of calculated and measured concentrations for GE14 samples (133Cs, 134Cs, 
135Cs, and 137Cs). 
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Figure 4-8.  Deviations of calculated and measured concentrations for GE14 samples (143Nd, 144Nd, 
145Nd, and146Nd). 
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Figure 4-9.  Deviations of calculated and measured concentrations for GE14 samples (148Sm, 
149Sm, 150Sm, and 151Sm). 
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Figure 4-10.  Deviations of calculated and measured concentrations for GE14 samples (152Sm, 
154Eu, 155Eu, and 155Gd). 
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Figure 4-11.  Deviations of calculated and measured concentrations for GE14 samples (95Mo, 
99Tc, 103Rh, and 109Ag). 
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Figure 4-12.  Deviations of calculated and measured concentrations for GE14 samples (90Sr, 
125Sb, 129I, and 106Ru). 
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5. SUMMARY 

This report describes recently acquired radiochemical assay data for high burnup fuel obtained from 
modern BWR assembly designs. These experiments provide important data for validating the 
computational models used to calculate fuel isotopic concentrations required for reactor and spent nuclear 
fuel safety studies. The measurements were performed on three spent fuel samples selected from a fuel 
rod of a SVEA-96 Optima (10×10) assembly irradiated in the Leibstadt reactor in Switzerland, and six 
samples from a GE14 (10×10) assembly irradiated in the Swedish Forsmark 3 reactor. At this time, only 
one of the three Leibstadt samples was considered for code validation. The samples were taken from 
different axial elevations of the assemblies, representing a wide range of void levels and regions of both 
the dominant (full lattice) and vanished (partial lattice) zones of the assembly. The fuel samples applied in 
the current study cover a burnup range from 38 to 60 GWd/MTU.  
 
The measurement data represent an important contribution to code benchmarking for modern BWR 
assembly designs and operating characteristics representative of currently operating reactors. 
Measurements include isotopes that have not been previously reported in open-source publications for 
BWR fuels, including all fission products currently considered in burnup credit for nuclear criticality 
safety. 
 
The measurements are applied in this report to validate the SCALE nuclear safety analysis code system 
and detailed computational models developed for simulating the SVEA-96 and GE14 assembly designs.  
Creating the accurate TRITON models for these assemblies involved a significant effort due to the highly 
heterogeneous and complex assembly design and operating histories. In particular, the large variations in 
power and moderator void conditions during irradiation required detailed modeling of the time-dependent 
input quantities. It was found that some default parameters calculated internally by the code were not 
sufficiently accurate for these designs.  Notably, the default Dancoff factors, calculated automatically by 
SCALE for resonance cross-section generation corrections, were found to be inadequate for these 
heterogeneous lattice configurations. In this benchmark study, Dancoff factors were calculated externally 
by Monte Carlo methods and were used to override the default values. The ability to supply time-
dependent Dancoff factors as the void changes during irradiation is not an option implemented in 
TRITON. Updating the input to account for void changes therefore required a complex procedure to boot 
strap separate irradiation cases developed for each individual cycle, with compositions from one case 
being passed to the next case via intermediate fuel composition files. This study highlighted a number of 
future code development areas for accurate modeling of complex BWR fuel assemblies. 
 
The comparisons of calculated concentrations with measurements are provided for more than 
60 measured nuclides. These experimental uncertainties include a direct component—the reported 
measurement uncertainties for each nuclide—and an indirect component due to burnup uncertainty. The 
burnup uncertainty affects each nuclide differently. For example, at high burnup levels a 1% change in the 
burnup causes a 6% change in the 235U concentration. The uncertainty in the burnup of the sample is 
therefore an important factor in judging the overall quality of the measurement data. 
 
The results for the SVEA-96 sample (KLU1) measured under the MALIBU extension program are 
described in Section 4.  The comparisons include very high precision measurements performed 
independently at PSI and SCK•CEN. The calculated results for sample KLU1 are based on a sample 
burnup determined using the 148Nd concentration measured by PSI, as this result had a smaller 
experimental uncertainty than the measurement at SCK•CEN. The results show good agreement for the 
235U and 239Pu concentrations, and most of the measured fission products.  
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The results for the GE14 samples measured under the ENUSA program are also described in Section 4. 
These measurements were performed at Studsvik Nuclear AB. The measurement uncertainties are 
generally much larger than those observed in the MALIBU program. In particular, the uncertainty in the 
148Nd concentrations resulted in significant overall uncertainties in the comparisons of calculations and 
measurements. The lower precision of Studsvik ICPMS measurements is partly compensated by a larger 
number of analyses and masses and the availability of multiple burnup indicators.  
 
The GE14 results show generally good and consistent agreement for the uranium and plutonium isotope 
concentrations, with most calculated results in agreement with the measurements within the experimental 
uncertainty.  Although the differences for some nuclides are large, it is important to consider the overall 
uncertainty associated with the measurements. In most cases the large deviations are within the range of 
the experimental uncertainty. 
 
The results for sample 4 (2500 mm elevation) may be improved by including more details of the assembly 
for the model of this region. The elevation of this sample corresponds to the plenum region near the 
transition height from the dominant to vanished region of the assembly.  This region contains additional 
hardware not included in the model. Further studies to refine the neutronic representation in this region of 
the assembly are recommended and may improve the results for this sample. 
 
It is instructive to compare the bias and uncertainties in calculated nuclide concentrations for modern 
BWR assembly designs evaluated in this report, with uncertainties determined in previous PWR 
validation studies [11] using the same code methods and nuclear data.  The average results for PWR fuel, 
obtained using 92 fuel samples for a wide range of fuel designs, enrichments, and burnups, are listed in 
Table 5-1. These results are compared with the weighted average of the six GE14 samples from the 
ENUSA program and the single SVEA-96 sample from the MALIBU extension program.  For the 
SVEA-96 sample, the standard deviations associated with the measurements are listed. The results for 
GE14 and SVEA-96 were not combined as the results were significantly different for some nuclides. 
 
The uranium results in Table 5-1 are generally consistent between the PWR data and the BWR results 
obtained in this present study. The agreement between calculations and the SVEA-96 measurements are 
observed to be very consistent with previously reported PWR results. However, the plutonium results for 
the GE14 fuel show differences for most isotopes. For example, 239Pu is overpredicted by about 4% on 
average for the PWR and SVEA-96 experiments, but is underpredicted on average by about 2% for the 
GE14 experiments. However, this experiment included samples from high void regions of the lattice, not 
included in the other experiments. The measured rod J8 is also located at the periphery of the assembly, 
with an adjacent burnable poison rod and empty lattice positions (in the vanished region), presenting 
additional heterogeneity and modeling complexities. Because the local conditions in the vicinity of the 
measured rod are difficult to predict, local uncertainties will introduce additional modeling errors and bias 
in the calculated results. Consequently, the bias and uncertainties associated with local fuel rod 
predictions for heterogeneous BWR assembly designs are expected to be typically larger than for PWR 
designs, which are characterized by much more uniform neutronic conditions.   
 
At this time, both the MALIBU extension program and the ENUSA experimental program are continuing 
and are commercially restricted. However, it is anticipated that the data will be made public in the future 
and will provide an important benchmark that can be used to validate other codes, computational models, 
and nuclear data. The experimental programs are expected to be completed with final recommendations 
issued in 2013.  Based on the outcome and final recommendations, some results presented in this report 
may be revised as additional information is acquired, particularly updated information on sample burnup 
and burnup uncertainties.  However, no significant changes in the assessment of overall code performance 
are expected.  
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Table 5-1. Summary of results for SVEA-96 and GE14 samples 

Isotope 
PWR BWR GE14 BWR SVEA-96 

No. of 
samples 

(C/M)avg  No. of 
samples 

(C/M)avg  No. of 
samples 

C/M  

234U 55 1.124 0.176 6 0.989 0.042 1 1.007 0.009 
235U 92 1.012 0.035 6 0.981 0.101 1 1.034 0.024 
236U 77 0.981 0.035 6 0.958 0.018 1 0.963 0.004 
238U 92 0.999 0.004 6 0.995 0.003 1 0.988 0.004 

238Pu 77 0.883 0.059 6 0.860 0.048 1 0.880 0.052 
239Pu 92 1.041 0.035 6 0.980 0.018 1 1.043 0.009 
240Pu 92 1.022 0.034 6 1.073 0.032 1 1.010 0.009 
241Pu 92 0.986 0.045 6 0.969 0.015 1 1.023 0.009 
242Pu 91 0.941 0.061 6 0.997 0.059 1 0.925 0.013 
237Np 36 1.039 0.195 6 1.034 0.036 1 1.141 0.050 
241Am 39 1.102 0.207 6 1.075 0.021 1 1.045 0.028 
243Am 38 1.029 0.140 6 1.123 0.179 1 1.076 0.029 

90Sr 15 0.991 0.069 6 0.900 0.026 1 0.987 0.020 
99Tc 20 1.152 0.154 6 1.012 0.032 1 1.353 0.042 

101Ru 7 1.058 0.123 6 0.908 0.032 1 1.163 0.038 
106Ru 31 1.079 0.227 6 1.051 0.032 1 0.980 0.106 
103Rh 8 1.091 0.109 6 0.978 0.038 1 1.235 0.039 
109Ag 6 1.773 0.746 6 1.183 0.135 1 1.357 0.046 
125Sb 18 1.996 0.466 6 1.221 0.256 1 1.261 0.064 
133Cs 10 1.019 0.017 6 0.929 0.039 1 1.020 0.015 
134Cs 59 0.930 0.071 6 0.883 0.052 1 1.110 0.015 
135Cs 16 1.027 0.037 6 0.992 0.010 1 1.010 0.017 
137Cs 73 0.993 0.031 6 0.954 0.032 1 1.001 0.015 
143Nd 36 1.008 0.032 6 1.082 0.019 1 1.047 0.003 
145Nd 36 0.995 0.022 6 1.026 0.027 1 0.975 0.005 
148Nd 77 1.006 0.014 6 1.000 0.001 1 1.002 0.007 
144Ce 32 0.979 0.081 6 0.861 0.177 1 0.884 0.156 
147Sm 24 1.016 0.034 6 1.000 0.139 1 1.010 0.013 
149Sm 20 1.019 0.062 6 0.879 0.011 1 0.934 0.232 
150Sm 24 1.008 0.032 6 1.065 0.032 1 1.046 0.010 
151Sm 24 0.979 0.044 6 0.958 0.118 1 1.016 0.010 
152Sm 24 1.016 0.037 6 1.053 0.030 1 0.992 0.010 
153Eu 19 0.991 0.031 6 1.111 0.061 1 1.061 0.014 
154Eu 44 1.042 0.104 6 1.124 0.079 1 1.134 0.014 
155Eu 11 0.956 0.077 6 1.117 0.117 1 1.072 0.017 
155Gd 19 0.916 0.144 6 1.116 0.059 1 1.154 0.050 
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