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Defense Nuclear Facilities Safety Board Recommendation 
97-2 to U.S. Department of Energy

• Establish a program to interpolate and extrapolate such 
existing calculations and data as a function of physical 
circumstances that may be encountered in the future, so that 
useful guidance and bounding curves will result. 

• The decreasing order of preference should be experimental 
data, theory benchmarked against experimental data, and 
non-benchmarked criticality analysis with an adequate 
safety margin. 

• Organize the records of calculations and experiments 
conducted to ensure the criticality safety of DOE's past 
operations so as to provide guidance for criticality safety in 
similar situations in the future and avoid repetition of past 
problems. 

• Collect and issue the experimental and theoretical data from 
the above in a publication as guidance for future activities. 
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Knowledge management
“There are known knowns; there are things we know that we know. There are known 
unknowns; that is to say, there are things that we now know we don't know. But there 
are also unknown unknowns – there are things we do not know we don't know.”
-United States Secretary of Defense, Donald Rumsfeld, 2002

“All models are wrong, some are useful.”
-George E. P. Box – Statistician, Professor, Univ. of Wisconsin

KNOWN
KNOWNS

Measurements/Observations

KNOWN
UNKNOWNS

Uncertainty Quantification

UNKNOWN
KNOWNS

Communication

UNKNOWN
UNKNOWNS
Safety Margins
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Sensitivity/Uncertainty (S/U) Analysis for Validation 
• Establish impact of data uncertainties on results 

(uncertainty quantification)
– Bias margins for criticality safety
– Design margins for advanced reactors
– Safety margins for decay heat and criticality in UNF analysis

• Selection and design of benchmark experiments for 
validation (similarity analysis)
– Maximizes information contained in existing integral 

experiments
– Enables design of more relevant experiments

• Consolidation of measured and computed results for 
improved reliability (assimilation/adjustment)
– Provides adjusted data that reduces bias and uncertainty in 

calculations 
– Recommend data improvements to nuclear data evaluators
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Introduction to sensitivity coefficients

• Sensitivity coefficients provide insight on the sources and 
impact of uncertainty in nuclear engineering models.

Monte Carlo CodeInput 
Data Results

Input Information:
Nuclear Data (Σ)

Number Densities (N )
Material Densities (ρ)

Input Uncertainty:
ΔΣ, ΔN, Δρ

Output Information:
keff , Dose Rate, 

Fission Rate, etc…

Output Uncertainty:
Δkeff , ΔDose Rate, 
ΔFission Rate
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Sensitivities of  the keff of a shipping cask to cross section 
data
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Uncertainties in cross-section data
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• ENDF/B-VII.1 contains data for 187 isotopes.
• SCALE 6.1 data retained for ~215 missing 

nuclides.
• Modified ENDF/B-VII.1 239Pu nubar, 235U nubar, 

H capture, and several fission product 
uncertainties, with data contributed back to 
ENDF/A repository.

• Fission spectrum (chi) uncertainties processed 
from ENDF/B-VII.1 and from JENDL 4.0 (minor 
actinides).

• Previous SCALE chi uncertainties were generated 
from Watt spectrum data and data were missing for 
minor actinides.

• 56- and 252-group energy structures.

SCALE 6.2 covariance data library
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Uncertainties due to cross section covariance data for 
benchmark experiments



10

Identifying important processes and uncertainties

Sensitivity of keff to neutron cross sections

Covariance (uncertainty) for cross sections

Known 
Unknown
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NUCLEAR 
CRITICALITY
EXPERIMENTS

Similarity Analysis: Identifying experiments representative 
of targeted application

ck=0.91

ck=0.88

APPLICATION

Known 
Known
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Setting safety limits – similarity as a trending parameter
Experiments 
projected to 
application
(Known Known)
Confidence 
band
(Known Unknown)

Safety margin
(Unknown Unknown)

Gap in 
experimental data

Some data not used?
(Unknown Known)
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Applications of S/U methods to DOE safety analysis
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Regulatory basis for applicability

ISG-10 (2005)
ck ≥ 0.95
recommended
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Application

Optimized experiment
5 micron foils

As-built experiment
25 micron foils

Rh-103 Critical Experiment 
Design for Burnup Credit

S/U methods used to help design new experiments in 
US and France

Known 
Unknown

Known 
Known
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Application to design of MIRTE 
reference experiments

 Design of reference experiments (without material)
 Need to optimize the number of reference experiments 
(to perform reproducibility exp. for uncertainty treatment)

 Studies performed with SCALE 5.1
 KENO V.A calculations for reference experiments design (criticality)

– Keep lattices dimensions and reduce critical water height
– Keep critical water height and reduce lattices dimensions

 TSUNAMI calculations to obtain sensitivity coefficients  
– Comparison of sensitivity profiles for Uranium cross sections 

between experiments with and without material
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• Required step(s) in NCSP CedT process:

Experiment design
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Data adjustment techniques – combining information from 
many different types of experiments

• Experimental benchmark 
data (E) is used to 
improve the accuracy of 
the initial computed 
responses (C).

• This assimilation 
consistently adjusts the 
underlying nuclear data.

• Inconsistent experiments 
are systematically 
removed from analysis.
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Cross section adjustments for consistent C/E for all 
benchmark experiments

• Experimental 
benchmark data (E) 
is used to improve 
the accuracy of the 
initial computed 
responses (C).

• This assimilation 
consistently adjusts 
the underlying 
nuclear data.
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System bias is computed as well as energy-dependent 
bias is estimated for each nuclide and reaction

Application Bias: β = -0.025% Δk/k
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Inclusion of integral experiments reduces uncertainty in 
nuclear data

•Original Uncertainty is:
0.520% Δk/k

•Adjusted Uncertainty is:
0.119% Δk/k

• Interpretation: ~80% of uncertainty is 
quantified through validation with 
experiments.

•Remaining uncertainty highlights 
gaps in available validation data.
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Regulatory basis for fission product burnup credit

September 2012
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Expert Group on Uncertainty Analysis for Criticality 
Safety Assessment (UACSA)
• Expert group under OECD Nuclear Energy Agency 

Working Party on Nuclear Criticality Safety since 
2007

• ~40 participants from ~15 nations
• Phase I – Comparison of validation methods
• Phase II – Assessment of technological 

uncertainties
• Phase III – Computation of sensitivity coefficients
• Phase IV – Integral experiment correlation data
• Phase V – Validation of MOX powder systems

UACSA 2017 
“We’ll always have Paris”
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Challenges for S/U-based validation techniques

• Covariance data gaps and inconsistencies
• Inconsistent experimental uncertainty estimates and lack of 

correlations between experiments
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Covariance data testing
For CSEWG and new OECD/NEA WPEC SG-44
Investigation of Covariance Data in General Purpose Nuclear Data Libraries

Computational Bias
Experimental Uncertainty
Cross-section Uncertainty



26

Different interpretations of experimental uncertainty 
Rod spacing in LEU-COM-THERM-007 Case 1

Highly correlated Mostly independent
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Comparison of experimental uncertainty results

W. J. Marshall, Determination of Critical Experiment Correlations Via the Monte Carlo Sampling 
Technique, The University of Tennessee (2017) (in review)

ICSBEP Evaluation SCALE 6.2 Highly
Correlated

Mostly 
Independent

Case Expected keff
Experimental
Uncertainty Nominal keff

Nominal keff
Uncert.

Sampled 
Standard 
Deviation

Sampled 
Standard 
Deviation

LCT-700-001 1.00000 0.00140 0.99392 0.00010 0.00461 0.00029

ICSBEP: 0.14%
Highly Correlated: 0.46%

Mostly Independent: 0.029%



28

Correlations in critical experiments with different methods

Pitch sampled: all pitches are the same and are the 
same for all cases

Coefficients range from 0.96 to 0.98 
(For cases with the same pitch)

All fuel rod positions are sampled independently and 
differently in each case

Coefficients range from ~0 to ~0.23

Fuel rod position modeling makes a difference!

W. J. Marshall and B. T. Rearden, “Determination of Critical Experiment Correlations for Experiments 
Involving Arrays of Low-Enriched Fuel Rods,” Proc. of ANS NCSD 2017 - Criticality safety - pushing 
the boundaries by modernizing and integrating data, methods, and regulations, Carlsbad, NM, 
September 10–15, 2017.

Highly correlated Mostly independent
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Effect of experimental correlations on upper subcritical limit

• Using data from a 
previous transportation 
package criticality safety 
assessment, the inclusion 
of experimental 
correlations impacts the 
USL by as much as 
3% ∆k/k

V. Sobes, B. T. Rearden, D. E. Mueller, 
W. J. Marshall, J. M. Scaglione, and M. 
E. Dunn, “Upper Subcritical Calculations 
Based on Correlated Data,” ICNC 2015 
– International Conference on Nuclear 
Criticality Safety, Charlotte, NC, 
September 13–17, 2015.
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Comments on advanced methods for criticality safety 
assessment

• Provides systematic approach for interpolating and extrapolating among 
existing experiments.

• Allows for combining information from many diverse experiments.
• Extracts and projects bias information from replacement experiments.
• Provides margin in gaps where experiments are not available.
• Assists in design of new experiments targeted to meet application needs.
• Tools are readily available for production use.
• Challenges still exist in uncertainties and correlations in benchmark 

experiments and nuclear data.



Backup Slides
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SCALE Tools for Sensitivity and Uncertainty Analysis 
Methodology Implementation (TSUNAMI)

• Understanding the Sensitivity of a System to Different Processes:
TSUNAMI-1D/2D/3D

• Nuclear Data Uncertainty Propagation:
TSUNAMI-1D/2D/3D or TSUNAMI-IP

• Identifying Neutronically Similar Systems:
TSUNAMI-IP

• Estimating Computational Biases:
TSUNAMI-IP or TSURFER

• Adjusting Cross Section Data by Assimilating the Results of Irradiation Experiments:
TSURFER

• Sensitivity Analysis for Replacement Experiments:
TSAR
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MCNP Whisper methodology

• Non-parametric, extreme-value theory method for determining USL’s 
and margins of subcriticality (MOS).
– Developed by Kiedrowski at LANL in 2014

• Whisper USL’s are designed to be conservative.
– Adding more benchmark cases can only increase the MOS.
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Whisper methodology

• Whisper weights the importance of experiments based on their similarity 
to the target application.

• Whisper includes additional benchmark experiments until a cumulative 
weight of 25 is obtained.
– Treatments exist for applying the Whisper method to cases with few similar 

benchmarks.

• Covariance data derived from multi-lab “low-fidelity” project.

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑖𝑖 =
𝑐𝑐𝑘𝑘𝑖𝑖 − 𝑐𝑐𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

max 𝑐𝑐𝑘𝑘 − 𝑐𝑐𝑘𝑘𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
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Whisper methodology

• Whisper uses data assimilation methods to identify inconsistent 
benchmark experiments and omit them from the USL calculation.

• Whisper uses the adjusted response uncertainty to provide additional 
subcritical margin.
– Performing a convergence study on the adjusted response uncertainty is 

helpful for Whisper analyses.
MOS = MOSsoftware + MOSdata + MOSapplication

• A detailed discussion of the Whisper methodology is available in:
B.C. Kiedrowski, et. al., “Whisper: Sensitivity/Uncertainty-Based Computational Methods and Software 
for Determining Baseline Upper Subcritical Limits,” Nucl. Sci. Eng. (2015).
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• Sensitivity coefficients can be combined with cross section 
uncertainties to quantify the uncertainty in a response.

The Sandwich Equation

ΔΣ
Σ

2 Δ𝑘𝑘
𝑘𝑘

2𝛿𝛿𝑘𝑘/𝑘𝑘
𝛿𝛿Σ/Σ

𝛿𝛿𝑘𝑘/𝑘𝑘
𝛿𝛿Σ/Σ

𝑆𝑆𝑘𝑘,Σ𝑥𝑥 � 𝐶𝐶𝐶𝐶𝐶𝐶Σ𝑥𝑥,Σ𝑦𝑦 � 𝑆𝑆𝑘𝑘,Σ𝑦𝑦
𝑇𝑇 = 𝜎𝜎𝑘𝑘2

Propagating cross section uncertainties
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Benchmark similarity assessment

• The similarity coefficient, c(k) or ck, describes the amount of nuclear 
data-induced uncertainty that is shared by two systems.

𝑆𝑆𝑅𝑅1,Σ𝑥𝑥 � 𝐶𝐶𝐶𝐶𝐶𝐶Σ𝑥𝑥,Σ𝑦𝑦 � 𝑆𝑆𝑅𝑅2,Σ𝑦𝑦
𝑇𝑇 = 𝜎𝜎𝑅𝑅1,𝑅𝑅2

2

𝛿𝛿𝛿𝛿/𝛿𝛿
𝛿𝛿Σ/Σ

𝛿𝛿𝛿𝛿/𝛿𝛿
𝛿𝛿Σ/ΣΔΣ/Σ 2 Δ𝛿𝛿/𝛿𝛿 2

𝑐𝑐𝑘𝑘 =
𝜎𝜎𝑅𝑅1,𝑅𝑅2
2

𝜎𝜎𝑅𝑅1𝜎𝜎𝑅𝑅2
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