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Sandia National Laboratories

Sandia Critical Experiments Program

Technical Area V (TA-V)

SPRF/CXSandia National Laboratories

Core Tank with 7uPCX fuel

DOE Nuclear Criticality Safety 
Program (NCSP)
◦ Integral Experiments

◦ Design, perform, and document 
benchmark quality experiments
◦ Support safe and efficient fissionable 

material operations
◦ International Criticality Safety 

Benchmark Evaluation Project 
(ICSBEP)

◦ Training and Education
◦ Hands-On Training Courses



SANDIA CRITICAL EXPERIMENTS PROGRAM

The Seven Percent Critical Experiment (7uPCX)
• UO2 fuel (6.9% 235U)
• Four sets of grid plates

• 45x45 Square pitch array (0.8 cm)
• 45x45 Square pitch array (0.855 cm)
• Triangular pitch array (1.55 cm)
• Triangular pitch array (1.02 cm)

• Fuel rod diameter 0.635 cm
• Fuel length 48.9 cm
• Seven Experimental Series in the ICSBEP Handbook

• LCT-078, 080, 096, 097, 101, 102, 111

The Burnup Credit Critical Experiment (BUCCX)
• UO2 fuel (4.3 % 235U)
• Two sets of grid plates

• Triangular pitch array (2.0 cm)
• Triangular pitch array (2.8 cm)

• Fuel locations 397 and 271
• Fuel rod diameter 1.38 cm
• Fuel length 49.2 cm
• Two Experimental Series in the ICSBEP Handbook

• LCT-079, 099

7uPCX

BUCCX

3

Sandia Pulsed Reactor Facility (SPRF)

CX Assembly Tank and Dump Tank



CRITICAL ASSEMBLY DESIGN
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Notable Design Features
◦ Assembly tank

◦ Fuel rods and grid plates
◦ Elevated for gravity release of  moderator to the dump tank
◦ Provides full water-reflection and water level control

◦ Dump tank
◦ Moderator resides in dump tank until operations
◦ Heater maintains temperature

◦ Moderator Overflow Standpipe
◦ Maintain water level in assembly tank
◦ Water continually circulated between dump tank and assembly tank

◦ Control and Safety Elements
◦ B4C absorber section followed by fueled section

◦ Plant Protection System
◦ Two fission chambers
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Sandia Critical Experiments Program

Started in the 1999 (NERI Project) by Gary Harms → first experiment in 2002
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Seven Percent Critical Experiment (7uPCX)

Seven experiment series in the ICSBEP handbook

LEU-COMP-THERM-080
•Eleven critical experiments performed in 2009-2012

• Measure the effect of water hole patterns on critical array 
size with 0.80 cm square pitch

LEU-COMP-THERM-078
•Fifteen critical experiments performed in 2011-2012

• Measure the effect of water hole and aluminum 
replacement rod patterns on critical array size with 0.80 cm 
square pitch

LEU-COMP-THERM-096
•Nineteen critical experiments performed in 2014-2015

• Explore partially reflected arrays with 0.80 cm square pitch

LEU-COMP-THERM-097
•Twenty-four critical experiments performed in 2015-2016

• Measure the effect of titanium and aluminum rod replacements 
on critical array size with 0.855 cm square pitch

LEU-COMP-THERM-101
•Twenty-two critical experiments performed in 2019

• Investigate partially reflected arrays with 0.855 cm square 
pitch

LEU-COMP-THERM-102
•Twenty-seven critical experiments performed in 2020

• Measure the effect of decreasing the fuel-to-water ratio on 
critical arrays with square pitch

LEU-COMP-THERM-111
•Eleven critical experiments performed in 2023

• Measure the effect of molybdenum on critical array size 
with 1.55 cm triangular pitch
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Sandia NCS Hands-On Training Course

14 years of NCSP hands-on courses

This course is designed to meet the ANSI/ANS-8.26, “Criticality 
Safety Engineer Training and Qualification Program,” 
requirement for hands-on experimental training. 



Purpose of Section 2
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The Purpose of Section 2 is to provide an overall evaluation of the experiment

 Evaluates what is known
 Fills in any gaps
 Estimates uncertainties

o How good are the data?
o What are the uncertainties?



ICSBEP Document Content and Format Guide “Crit Guide”
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o The “crit guide” provides a good overview and 
starting point

o The ICSBEP Guide to the Expression of 
Uncertainties
• Written to develop a consistency among evaluators in 

the uncertainty treatment

o Path can be long and winding
• Always working on Section 2

• Typically requires substantial time, effort, and 
resources. 



Section 2 – ICSBEP Content and Format Guide
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o Evaluate the experimental data and provide documentation
• Conclusions are state and justified

o Missing data or weakness and inconsistencies in published data are addressed
• Discussed and resolved in appropriate subsections

o Data that require questionable assumptions on part of the evaluator is justified
o The effects of uncertainties are discussed and quantified

• Every critical experiment has numerous associated uncertainties
• Effects may be evaluated as “negligible” 

o Use of data with large uncertainties is justified
o Include a summary table showing effects on keff of the standard uncertainties
o If configurations are found to be unacceptable for use as benchmark data, make note and provide 

reasoning
• Unacceptable data are not included in Sections 3, 4 and Appendix A. 

o Combined uncertainty in the benchmark keff > 1% are often judged to be unacceptable. 
• Unacceptable data may still be used in validation efforts if the uncertainty is properly taken into account



Section 2 (Notes on Uncertainties)
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o The uncertainty reported must be as realistic and accurate as possible
• The analysis must be rigorous, complete, and objective
• Employ an efficient strategy

• Little effort needed if a simple estimate shows the uncertainty in a parameter makes a small contribution to the total 
uncertainty in keff

• Focus attention and careful consideration on large contributors

o Resist any tendency to overestimate or underestimate uncertainty
• Unrealistically large total uncertainty – existing biases may be hidden in the uncertainty margins when 

comparing calculational results and benchmark values
• Unrealistically low total uncertainty – calculation results may appear erratic or indicate a bias where none 

exists. This may lead, incorrectly, to modifications of cross sections or lack of confidence in codes or 
experiments.

o Benefits
• Qualifying codes and cross sections used in criticality assessments
• Improvement of the state of the art of criticality safety

• Realistic uncertainties from diverse set of experiments provide data needed to uncover weakness in neutron cross section 
data and calculational methods

• Path to more accurate criticality safety calculations in the future



Example - Section 2
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o LEU-COMP-THERM-102
• Pitch Variation Experiments in Water-Moderated Square-Pitched UO2 Fuel Rod Lattices
• Experiments performed in 2020

• Available in the 2021 edition of the ICSBEP handbook

• Similarities to past benchmark evaluations using 7uPCX at Sandia

o Sandia Critical Experiments – Seven Percent Critical Experiments (7uPCX)
• 6.9 weight percent 235U

• 2200 fuel rods
• OD ~0.6 cm

• Fueled length ~48.8 cm 

• Approach-to-critical experiments
• Number of fuel rods and water height

• Seven critical benchmark evaluations (ICSBEP)



Example – Section 2 Outline (LEU-COMP-THERM-102)
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o 2.0 Evaluation of Experiment Data
o 2.1 Material Data

• 2.1.1 Fuel Rod UO2 mass

• 2.1.2 Fuel Impurities

• 2.1.3 Fuel Rod Cladding
• 2.1.4 Source Capsule Composition

• 2.1.5 Fuel Rod Spring Composition

• 2.1.6 Boron Carbide Composition

o 2.2 Geometric Data
• 2.2.1 Fuel Rod Pellet Stack Height

• 2.2.2 Fuel Rod Diameter

• 2.2.3 Fuel Rod Inner Diameter

• 2.2.4 Polyethylene Density

• 2.2.5 Boron Carbide Power Density

o 2.3 Derivation of the Experimental keff

o 2.4 Uncertainty Analyses
• 2.4.1 Fuel Rod Pitch

• 2.4.2 Clad Outer Diameter

• 2.4.3 Clad Inner Diameter

• 2.4.4 Fuel Outer Diameter

• 2.4.5 Upper Reflector Thickness

• 2.4.6 Fuel Rod UO2 Mass

• 2.4.7 Fuel Rod Pellet Stack Height

• 2.4.8 Fuel Enrichment

• 2.4.9 Fuel 234U Content

• 2.4.10 Fuel 236U Content

• 2.4.11 Fuel Stoichiometry

• 2.4.12 Impurities in the UO2 Fuel

• 2.4.13 Fuel Clad Composition

• 2.4.14 Aluminum Grid Plate Composition

• 2.4.15 Water Composition

• 2.4.16 Temperature

• 2.4.17 Uncertainty Values



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.0 – Evaluation of Experimental Data
This section provides a confirmation, sometimes after interpretation, of all essential experiment material and geometrical data and provides 
an analysis of the uncertainties in the experimental configurations. The uncertainties are small for all experiment configurations. 

o Section 2.1 – Material Data

2.1.3  Fuel Rod Cladding – The clad tubes and end caps for the fuel rods were fabricated from 3003 aluminum.  The elemental 
composition of the 3003 aluminum was not measured. For the work documented here, the composition of the tubes and end caps is 
assumed to be at the mid-range value where an elemental content is specified as a range and as half of the maximum value where one is 
given for an element. The composition specification for 3003 aluminum and the composition chosen here are shown in Table 21. The 
density of the 3003 aluminum was taken as 2.73 g/cm3.(1)



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.0 – Evaluation of Experimental Data
This section provides a confirmation, sometimes after interpretation, of all essential experiment material and geometrical data and provides 
an analysis of the uncertainties in the experimental configurations. The uncertainties are small for all experiment configurations. 

o Section 2.1 – Material Data

2.1.3  Fuel Rod Cladding – The clad tubes and end caps for the fuel rods were fabricated from 3003 aluminum.  The elemental 
composition of the 3003 aluminum was not measured. For the work documented here, the composition of the tubes and end caps is 
assumed to be at the mid-range value where an elemental content is specified as a range and as half of the maximum value where one is 
given for an element. The composition specification for 3003 aluminum and the composition chosen here are shown in Table 21. The 
density of the 3003 aluminum was taken as 2.73 g/cm3.(1)



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.0 – Evaluation of Experimental Data
This section provides a confirmation, sometimes after interpretation, of all essential experiment material and geometrical data and provides 
an analysis of the uncertainties in the experimental configurations. The uncertainties are small for all experiment configurations. 

o Section 2.1 – Material Data

2.1.3  Fuel Rod Cladding – The clad tubes and end caps for the fuel rods were fabricated from 3003 aluminum.  The elemental 
composition of the 3003 aluminum was not measured. For the work documented here, the composition of the tubes and end caps is 
assumed to be at the mid-range value where an elemental content is specified as a range and as half of the maximum value where one is 
given for an element. The composition specification for 3003 aluminum and the composition chosen here are shown in Table 21. The 
density of the 3003 aluminum was taken as 2.73 g/cm3.(1)

Footnote at bottom of page
(1) From http://matweb.com/search/DataSheet.aspx?MatGUID=fd4a40f87d3f4912925e5e6eab1fbc40 accessed on May 29, 2012.  From http://matweb.com 
search for key word “3003” and choose the “Aluminum 3003-O” option. 

http://matweb.com/search/DataSheet.aspx?MatGUID=fd4a40f87d3f4912925e5e6eab1fbc40
http://matweb.com/


Section 1 vs Section 2 (LEU-COMP-THERM-102)
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2.1.3  Fuel Rod Cladding – The clad tubes and end caps for the fuel 
rods were fabricated from 3003 aluminum.  The elemental 
composition of the 3003 aluminum was not measured. For the work 
documented here, the composition of the tubes and end caps is 
assumed to be at the mid-range value where an elemental content is 
specified as a range and as half of the maximum value where one is 
given for an element. The composition specification for 3003 
aluminum and the composition chosen here are shown in Table 21. 
The density of the 3003 aluminum was taken as 2.73 g/cm3.(1)

1.3.2  Fuel Rod Cladding – The fabrication drawings for the fuel 
rods specify the material for the clad tubing and end plugs as 
aluminum alloy 3003. The composition of the material used was 
not measured. The specification for the composition of aluminum 
alloy 3003 is given in Table 12. The density of the cladding 
material was not measured



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.1 – Material Data

2.1.2  Fuel Impurities – The fuel pellets were fresh UO2 with 
measured enrichment and impurity content for ten randomly-
chosen fuel pellets. Twelve impurity elements were measured 
above the detection limit in at least five of the measurements. 
The measured impurity content and standard deviation of the ten 
measurements is shown in Table 20. The standard deviations 
shown for three of the listed elements are larger than the average 
mass fraction for three impurities – Ag, B, and Cd. This is 
because each of these species had one measurement that was 
much higher than the others. Also shown in the table are the 
thermal absorption cross section for each impurity species and 
the fraction of the impurity thermal macroscopic absorption cross 
section contributed by each species. The uncertainty in the 
impurity macroscopic cross section is dominated by the 
contribution from boron which is in turn dominated by the fact 
that one of the measurements is an outlier compared to the rest of 
the measurements.



Section 2 vs Section 1 (LEU-COMP-THERM-102)
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2.1.2  Fuel Impurities 

Metallic impurities were also obtained during the ICP-MS 
measurements of the ten fuel pellets. The results of the 
impurity measurements are shown in Table 11.

1.3.1  UO2 Fuel 



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.2 – Geometric Data

2.2.2  Fuel Rod Diameter – The outer diameter of each fuel 
rod was measured.  The average for the population of 2194 
fuel rods available for the experiments (5 fuel rods removed 
from service) was 0.634948 cm with a standard deviation of 
0.000218 cm. The average outer diameter of the fuel rods for 
the specific fuel rods included in the benchmark experiment 
configurations is listed in Table 26.



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.3 – Derivation of the Experiment keff

The approach-to-critical experiments reported here were done with the number of fuel rods in the critical assembly as the approach 
variable. Once the critical configuration had been measured, the high-multiplication part of the approach-to-critical was repeated using 
closely-spaced fuel arrays. For square pitched arrays, symmetrical configurations occur at four or eight fuel rod intervals. During the 
experiments, measurements were made with arrays that were either these symmetrical configurations or fell at an even number of rod 
intervals between symmetrical configurations.



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.3 – Derivation of the Experiment keff

In each core configuration, the measured arrays were analyzed using 
MCNP6.2 with continuous-energy ENDF/B-VII.1 cross sections. The 
calculated incremental reactivity worth Δρ of each fuel rod in a symmetrical 
fuel increment (described above) of ΔN rods was determined from

∆𝜌𝜌 = 𝑘𝑘1−𝑘𝑘0
𝑘𝑘1𝑘𝑘0∆𝑁𝑁

The reactivity difference ρ1461 between the array with 1461 rods and the 
projected critical array at Np is given by

𝜌𝜌1461 = 1461 − 𝑁𝑁𝑃𝑃 ∆𝜌𝜌.

Knowing that the keff for an array with Np rods is 1, the keff for the array with 
1461 fuel rods, k1461, is obtained by inverting the definition of the reactivity as

𝑘𝑘1461 = 1
1−𝜌𝜌1461

= 1
1− 1461−𝑁𝑁𝑃𝑃 ∆𝜌𝜌

 .



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.4 – Uncertainty Analyses
Performed using MCNP with ENDF/B-VII.1 cross section set.
 Geometry and mass – direct perturbation analyses

1. Fuel Rod Pitch
2. Clad Outer Diameter
3. Clad Inner Diameter
4. Fuel Outer Diameter
5. Upper Reflector Thickness
6. Fuel Rod UO2 Mass
7. Fuel Rod Pellet Stack Height

 Nuclear Data – adjoint weighting perturbation (KSEN)
8. Fuel Enrichment
9. 234U Content
10. 236U Content
11. Fuel Stoichiometry
12. Impurities in the Fuel
13. Clad Composition
14. Grid Plate Composition
15. Water Composition

 Moderator, reflector, and fuel temperature
16. Temperature (includes density, thermal expansion, and appropriate nuclear data sets)



Example - Section 2 (LEU-COMP-THERM-102)
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o Section 2.4 – Uncertainty Analyses
2.4.1  Fuel Rod Pitch – The uncertainty in the fuel rod pitch contributes to the uncertainty in the amount of water moderator in the 
core. This uncertainty is related to the uncertainty in the placement of the holes in the grid plates during fabrication, to the width of the 
nominal gap between the outside of the fuel rods and the inside of the grid plate holes, to the uncertainty in the diameter of the holes in 
the grid plates, to the uncertainty in the outside diameter of the fuel rods, and to the number of rows of fuel rods in the core. 

Arrays with fuel rod pitch up to 0.01 cm on either side of the nominal value in 0.005 cm increments were analyzed to obtain the effect 
of pitch on keff. The results were used in a least-squares linear fit to determine the sensitivity of the experiment to the fuel rod pitch. 
The sensitivity was combined with the pitch uncertainty to obtain the uncertainty in the benchmark experiment keff.  The results of 
these calculations are shown in Table 29.

o Multiple contributors to the uncertainty
• Placement of the holes in the grid plate
• Width of the gap between the outside of the fuels rods and inside of the grid plate holes
• Diameter of the holes in the grid plate
• Outside diameter of the fuel rods
• Number of rows of fuel rods in the core

o Direct perturbation analysis
• Sensitivity and uncertainty value combined to determine ∆keff
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o Section 2.4 – Uncertainty Analyses
2.4.1  Fuel Rod Pitch – The uncertainty in the fuel rod pitch contributes to the uncertainty in the amount of water moderator in the 
core. This uncertainty is related to the uncertainty in the placement of the holes in the grid plates during fabrication, to the width of the 
nominal gap between the outside of the fuel rods and the inside of the grid plate holes, to the uncertainty in the diameter of the holes in 
the grid plates, to the uncertainty in the outside diameter of the fuel rods, and to the number of rows of fuel rods in the core. 

Arrays with fuel rod pitch up to 0.01 cm on either side of the nominal value in 0.005 cm increments were analyzed to obtain the effect 
of pitch on keff. The results were used in a least-squares linear fit to determine the sensitivity of the experiment to the fuel rod pitch. 
The sensitivity was combined with the pitch uncertainty to obtain the uncertainty in the benchmark experiment keff.  The results of 
these calculations are shown in Table 29.

o Multiple contributors to the uncertainty
• Placement of the holes in the grid plate
• Width of the gap between the outside of the fuels rods and inside of the grid plate holes
• Diameter of the holes in the grid plate
• Outside diameter of the fuel rods
• Number of rows of fuel rods in the core

o Direct perturbation analysis
• Sensitivity and uncertainty value combined to determine ∆keff
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o Section 2.4 – Uncertainty Analyses
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o Section 2.4 – Uncertainty Analyses

2.4.2  Clad Outer Diameter – The outer diameter of the fuel rod clad tubes was measured for the 2194 rods available for the 
experiments. The population average for the measurements was 0.249980 in (0.634948 cm as rounded from the original data) with a 
standard deviation of 0.000086 in (0.000218 cm). The uncertainty in the mean value is 0.0000047 in (0.0000085 cm), the standard 
deviation divided by the square root of 338, the lowest number of fuel rods in any of the benchmark experiment configurations. 
Because the outside diameter was known for each fuel rod and the identity of each fuel rod in every configuration was known, the
distribution of the fuel rod diameters does not contribute to the uncertainty in the experiments. The systematic uncertainty in the 
measurements was 0.000022 in (0.000056 cm). The resolution of the instruments used was 0.000001 in (0.00000254 cm) and the 
repeatability was 0.000005 in (0.0000127 cm). The random uncertainty in the diameter measurements was 0.000030 in 
(0.0000762 cm) and will be treated as a systematic uncertainty. The sum in quadrature of the systematic uncertainties (0.000022 in, 
0.000001 in, 0.000005 in, and 0.000030 in) is 0.0000375 in (0.0000954 cm). Arrays with fuel rod clad diameters up to 0.00508 cm on 
either side of the nominal value were analyzed to determine the sensitivity of the experiments to the clad tube diameter. The mass of 
the clad tube was kept constant during these variations. The results of the analysis of the clad outer diameter uncertainty are shown in 
Table 30.

Uncertainty 
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o Section 2.4 – Uncertainty Analyses

2.4.2  Clad Outer Diameter – The outer diameter of the fuel rod clad tubes was measured for the 2194 rods available for the 
experiments. The population average for the measurements was 0.249980 in (0.634948 cm as rounded from the original data) with a 
standard deviation of 0.000086 in (0.000218 cm). The uncertainty in the mean value is 0.0000047 in (0.0000085 cm), the standard 
deviation divided by the square root of 338, the lowest number of fuel rods in any of the benchmark experiment configurations. 
Because the outside diameter was known for each fuel rod and the identity of each fuel rod in every configuration was known, the 
distribution of the fuel rod diameters does not contribute to the uncertainty in the experiments. The systematic uncertainty in the 
measurements was 0.000022 in (0.000056 cm). The resolution of the instruments used was 0.000001 in (0.00000254 cm) and the 
repeatability was 0.000005 in (0.0000127 cm). The random uncertainty in the diameter measurements was 0.000030 in 
(0.0000762 cm) and will be treated as a systematic uncertainty. The sum in quadrature of the systematic uncertainties (0.000022 in, 
0.000001 in, 0.000005 in, and 0.000030 in) is 0.0000375 in (0.0000954 cm). Arrays with fuel rod clad diameters up to 0.00508 cm on 
either side of the nominal value were analyzed to determine the sensitivity of the experiments to the clad tube diameter. The mass of 
the clad tube was kept constant during these variations. The results of the analysis of the clad outer diameter uncertainty are shown in 
Table 30.

Direct Perturbation Analysis
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o Section 2.4 – Uncertainty Analyses

2.4.2  Clad Outer Diameter 
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o Section 2.4 – Uncertainty Analyses

2.4.12  Impurities in the UO2 Fuel – The impurities in the fuel fell into two classes – those for which a definite value was measured 
and those that were determined to be less than the detection limit for the analysis system. For the impurities that were detected, an 
uncertainty at the one-standard-deviation level of 50 % of the detected value was assumed. For the impurities that were below a 
detection limit, the uncertainty at one standard deviation was assumed to be equal to the detection limit.

Under the assumption that the fuel mass and volume are held constant, the sensitivity of the system keff SC due to the uncertainty in any 
given impurity can be obtained from

𝑆𝑆𝐶𝐶 =
𝑆𝑆𝐼𝐼
𝑁𝑁𝐼𝐼
−

𝐴𝐴𝐼𝐼𝑆𝑆𝑈𝑈𝑈𝑈𝑈
𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑁𝑁𝑈𝑈𝑈𝑈𝑈

where the symbols S sensitivities of the system keff to the impurity species and the UO2 fuel, N are the atom densities, and A are the 
atomic masses; the subscript I refers to the impurity species and the subscript UO2 refers to the UO2 in the fuel; and MUO2 is the 
molecular weight of the UO2 in the fuel. The uncertainty in SC is obtained by propagating the uncertainties in SI and SUO2 through the 
definition of SC. Table 40 lists the uncertainty in the atom density of each fuel impurity, the sensitivity of the system keff to the atom 
density uncertainties, and the keff uncertainty that results from the uncertainty in each impurity for Case 1. The keff uncertainties for the 
individual impurities are summed in quadrature to obtain the overall contribution to the uncertainty in the system keff.
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o Section 2.4 – Uncertainty Analyses

2.4.12  Impurities in the UO2 Fuel – The impurities in the fuel fell into two classes – those for which a definite value was measured 
and those that were determined to be less than the detection limit for the analysis system. For the impurities that were detected, an 
uncertainty at the one-standard-deviation level of 50 % of the detected value was assumed. For the impurities that were below a 
detection limit, the uncertainty at one standard deviation was assumed to be equal to the detection limit.

Under the assumption that the fuel mass and volume are held constant, the sensitivity of the system keff SC due to the uncertainty in any 
given impurity can be obtained from

𝑆𝑆𝐶𝐶 =
𝑆𝑆𝐼𝐼
𝑁𝑁𝐼𝐼
−

𝐴𝐴𝐼𝐼𝑆𝑆𝑈𝑈𝑈𝑈𝑈
𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑁𝑁𝑈𝑈𝑈𝑈𝑈

where the symbols S sensitivities of the system keff to the impurity species and the UO2 fuel, N are the atom densities, and A are the 
atomic masses; the subscript I refers to the impurity species and the subscript UO2 refers to the UO2 in the fuel; and MUO2 is the 
molecular weight of the UO2 in the fuel. The uncertainty in SC is obtained by propagating the uncertainties in SI and SUO2 through the 
definition of SC. Table 40 lists the uncertainty in the atom density of each fuel impurity, the sensitivity of the system keff to the atom 
density uncertainties, and the keff uncertainty that results from the uncertainty in each impurity for Case 1. The keff uncertainties for the 
individual impurities are summed in quadrature to obtain the overall contribution to the uncertainty in the system keff.
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o Section 2.4 – Uncertainty Analyses

2.4.12  Impurities in the UO2 Fuel – The impurities in the fuel fell into two classes – those for which a definite value was measured 
and those that were determined to be less than the detection limit for the analysis system. For the impurities that were detected, an 
uncertainty at the one-standard-deviation level of 50 % of the detected value was assumed. For the impurities that were below a 
detection limit, the uncertainty at one standard deviation was assumed to be equal to the detection limit.

Under the assumption that the fuel mass and volume are held constant, the sensitivity of the system keff SC due to the uncertainty in any 
given impurity can be obtained from

𝑆𝑆𝐶𝐶 =
𝑆𝑆𝐼𝐼
𝑁𝑁𝐼𝐼
−

𝐴𝐴𝐼𝐼𝑆𝑆𝑈𝑈𝑈𝑈𝑈
𝑀𝑀𝑂𝑂𝑂𝑂𝑂𝑁𝑁𝑈𝑈𝑈𝑈𝑈

where the symbols S sensitivities of the system keff to the impurity species and the UO2 fuel, N are the atom densities, and A are the 
atomic masses; the subscript I refers to the impurity species and the subscript UO2 refers to the UO2 in the fuel; and MUO2 is the 
molecular weight of the UO2 in the fuel. The uncertainty in SC is obtained by propagating the uncertainties in SI and SUO2 through the 
definition of SC. Table 40 lists the uncertainty in the atom density of each fuel impurity, the sensitivity of the system keff to the atom 
density uncertainties, and the keff uncertainty that results from the uncertainty in each impurity for Case 1. The keff uncertainties for the 
individual impurities are summed in quadrature to obtain the overall contribution to the uncertainty in the system keff.

MCNP KSEN card 
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o Section 2.4 – Uncertainty Analyses

2.4.12  Impurities in the UO2 Fuel 



Notes on Uncertainty Analyses
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o Compare LCT-078 and LCT-102
• Different method used for each
• Current method developed in 2015 to utilize improved tools and computational power

• Recent questions from TRG (LCT-111)
• Request to better define “sensitivity coeffects” and “sensitivity “ and nomenclature used

o Jeff Favorite - References
• Nuclear Science and Engineering – “Adjoint-Based Sensitivity and Uncertainty Analysis for Density and 

Composition: A User’s Guide” March 2017
• Data, Analysis and Operations in Nuclear Criticality Safety – “Sensitivity of a Response to Stoichiometery” ANS 

Winter Meeting 2021
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o Section 2.4 – Uncertainty Analyses

2.4.13  Fuel Clad Composition – The composition range for 3003 aluminum tubing is shown in Table 21. The composition limits are 
specified either as two bounding values giving minimum and maximum content of a given element or as a single bounding value 
giving the maximum allowed content of a given element. The assumption was made that any level of content between the limiting 
values is equally probable. Therefore, the probability distribution between the limits is constant. As a result, one standard deviation is 
the width of the interval divided by 3.

Under the assumption that the mass and volume of the cladding material are held constant and that changes in a constituent are 
counterbalanced by changes in the aluminum content, the sensitivity of the system keff SC due to the uncertainty in any given 
constituent of the alloy can be obtained from

𝑆𝑆𝐶𝐶 =
𝑆𝑆𝐼𝐼
𝑁𝑁𝐼𝐼
−

𝐴𝐴𝐼𝐼𝑆𝑆𝐴𝐴𝐴𝐴
𝑀𝑀𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴

where the symbols S sensitivities of the system keff to the impurity species and the Al cladding, N are the atom densities, and A are the 
atomic masses; the subscript I refers to the constituent species and the subscript Al refers to the aluminum in the cladding material. The 
uncertainty in SC is obtained by propagating the uncertainties in SI and SAl through the definition of SC. Table 42 lists the uncertainty in 
the atom density of each fuel clad constituent, the sensitivity of the system keff to the atom density uncertainties, and the keff uncertainty 
that results from the uncertainty in each fuel clad constituent for Case 1. The keff uncertainties for the individual constituents are 
summed in quadrature to obtain the overall contribution to the uncertainty in the system keff
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o Section 2.4 – Uncertainty Analyses

2.4.13  Fuel Clad Composition – The composition range for 3003 aluminum tubing is shown in Table 21. The composition limits are 
specified either as two bounding values giving minimum and maximum content of a given element or as a single bounding value 
giving the maximum allowed content of a given element. The assumption was made that any level of content between the limiting 
values is equally probable. Therefore, the probability distribution between the limits is constant. As a result, one standard deviation is 
the width of the interval divided by 3.

Under the assumption that the mass and volume of the cladding material are held constant and that changes in a constituent are 
counterbalanced by changes in the aluminum content, the sensitivity of the system keff SC due to the uncertainty in any given 
constituent of the alloy can be obtained from

𝑆𝑆𝐶𝐶 =
𝑆𝑆𝐼𝐼
𝑁𝑁𝐼𝐼
−

𝐴𝐴𝐼𝐼𝑆𝑆𝐴𝐴𝐴𝐴
𝑀𝑀𝐴𝐴𝐴𝐴𝑁𝑁𝐴𝐴𝐴𝐴

where the symbols S sensitivities of the system keff to the impurity species and the Al cladding, N are the atom densities, and A are the 
atomic masses; the subscript I refers to the constituent species and the subscript Al refers to the aluminum in the cladding material. The 
uncertainty in SC is obtained by propagating the uncertainties in SI and SAl through the definition of SC. Table 42 lists the uncertainty in 
the atom density of each fuel clad constituent, the sensitivity of the system keff to the atom density uncertainties, and the keff uncertainty 
that results from the uncertainty in each fuel clad constituent for Case 1. The keff uncertainties for the individual constituents are 
summed in quadrature to obtain the overall contribution to the uncertainty in the system keff

MCNP KSEN card 



Example - Section 2 (LEU-COMP-THERM-102)

37

o Section 2.4 – Uncertainty Analyses

2.4.13  Fuel Clad Composition
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o Section 2.4 – Uncertainty Analyses

2.4.16  Temperature – The experiments were run near a temperature of 25 °C and the data were corrected to that temperature. A 
bounding estimate of the uncertainty in the experiment temperature is 1 °C, which is based on the calibration and performance 
characteristics of type K thermocouples used. The sensitivity of the arrays to the fuel and moderator/reflector temperature was 
determined by analyzing arrays at temperatures from 5 °C to 50 °C in 5 °C increments using MCNP6.1.1 and ENDF/B-VII.1 cross 
sections. In the analysis, the water temperature was varied as well as the water density. Thermal scattering kernel data appropriate for 
each water temperature were used during the variations. The sensitivity of the arrays to fuel temperature was also computed with the 
same code/cross sections using the temperature-dependent uranium cross sections included with the code. Thermal expansion of the 
UO2 was included in the analysis. The variations in the calculated keff data in both cases necessitated the use of a second-order 
polynomial fit. The sensitivity was taken as the slope of the polynomial at the experiment temperature. The stochastic uncertainties in 
the Monte Carlo calculations were propagated through the fit. The two sensitivities were combined to obtain the overall temperature 
sensitivity of the assemblies. The uncertainties in the two sensitivities were combined in quadrature. 

• Uncertainty in experiment temperature estimated to be 1°C (based on thermocouples used)
• MCNP calculations with water temperature and density varied (5°C to 50°C in 5°C increments) 
• Fuel thermal expansion and Doppler broadening of the cross-section resonances included
• Appropriate thermal scattering kernel data for each water temperature used
• Second-order polynomial fit to the data – slope gives sensitivity
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o Section 2.4 – Uncertainty Analyses

2.4.16  Temperature

Moderator, reflector, and fuel temperature
Temperature (includes density, thermal expansion, and 
appropriate nuclear data sets)
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o Section 2.4 – Uncertainty Analyses

2.4.17  Uncertainty Values – The effects of several uncertainty components in the critical experiments on the keff of the configurations 
are analyzed above.  The total uncertainty for each case was obtained by combining in quadrature the case-wise results. The total 
uncertainty so obtained for each case is listed in Table 49. These values represent the uncertainty in the experiments at the one-
standard-deviation level.

Case ∆keff

1 0.00106
2 0.00106
3 0.00107
4 0.00105
5 0.00104
6 0.00100
7 0.00096
8 0.00095
9 0.00093

10 0.00094
11 0.00090
12 0.00067
13 0.00067
14 0.00065
15 0.00063
16 0.00063
17 0.00062
18 0.00062
19 0.00062
20 0.00093
21 0.00095
22 0.00099
23 0.00104
24 0.00110
25 0.00111
26 0.00115
27 0.00120
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o Not defining ‘negligible’ (the meaning of ‘negligible’ needs to be quantified)
• The effect of an uncertainty may be evaluated simply as ‘negligible’

o Discussing the model
• Sometimes the lines are blurred between the benchmark experiment, experiment uncertainty, the benchmark 

model, and model bias

o Significant figures
• Attention in all sections

o Not providing all source information
• Attention in all sections

o Inconsistencies in values rounded from original data
• Minor issue, but needs to be noted where applicable

o Resist tendency to overestimate uncertainty 
• It is a misconception that making large uncertainty estimates is always a conservative approach

o Not consulting with experts or seeking out pertinent literature
• Uncertainty should be based on an understanding of the physical phenomena

o Not employing an efficient strategy
• Automated tools and “bookkeeping”
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