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NUCLEAR CRITICALITY SAFETY PROGRAM (NCSP) 
TECHNICAL SEMINAR 

 
MARCH 13-14, 2012 

OAK RIDGE NATIONAL LABORATORY 
Building 5200, Tennessee Conference Rooms B-C 

 
FINAL AGENDA 

 
8:30 AM – 
5:30 PM 

Tuesday, 13 March 2012 
 

   
 WELCOME AND INTRODUCTION Jerry McKamy 
    
 US DOE NCSP CSSG Functions and Activities Calvin Hopper 
    

NCSP 
TECHNICAL PROGRAM ELEMENTS TO BE PRESENTED 

    
 ANALYTICAL METHODS  
 INTEGRAL EXPERIMENTS  
 INFORMATION PRESERVATION AND DISSEMINATION  
 NUCLEAR DATA  
 TRAINING AND EDUCATION  
    
8:45 AM SAIC NCSP Integral Experiment Process:  FY 2012 – 

Making Sure We Get it Right! 
Nichole Ellis 

    
 OPEN DISCUSSION  ALL 
    
10:30 AM – 
10:45 

BREAK 
  

    
10:45 AM ANALYTICAL METHODS  
    
 ORNL SILENE Benchmark Experiment for Criticality 

Accident Alarm Systems 
Thomas Miller 

    
 ORNL MAVRIC-S/U Development:  Fixed Source 

Multi-group Sensitivity and Uncertainty 
Analysis 

Thomas Miller 

    
 ORNL Use of Sensitivity and Uncertainty Methods in 

the Analysis of Validation Outliers 
Brad Rearden 

    
12:30 – 
1:30 PM 

LUNCH 
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1:30 PM 
ANALYTICAL METHODS 

(continued) 
 

    
 ORNL Modernization of SCALE Brad Rearden 
    
 LLNL Analytic Methods Accomplishments–

PREPRO/COG 
Dave Heinrichs 

    
3:30 – 
3:45 PM 

BREAK 
  

    

3:45 PM 
ANALYTICAL METHODS 

(continued) 
 

    
 LANL MCNP Monte Carlo Progress – 

Nuclear Criticality Safety 
Forrest Brown/ 

Brian Kiedrowski 
    
 OPEN DISCUSSION  ALL 
    
 INTEGRAL EXPERIMENTS  
    
 SNL Results from the Seven Percent Critical 

Experiment 
Gary Harms 

    
 LANL NCERC Operational Update and Schedule David Hayes 
    
 LANL First Critical Experiment at NCERC Rene Sanchez 
    
5:30 PM ADJOURN   
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8:30 AM – 
12:30 PM 

Wednesday, 14 March 2012 
 

    

8:30 AM 
INTEGRAL EXPERIMENTS 

(continued) 
 

    
 LANL Comet Startup at NCERC and Acquisition of New Data Rene Sanchez 
    
 LANL A Proposed Technique for 3-Dimensional Neutron Flux 

Mapping 
Bill Myers 

    
 LANL Comparison of MCNP-Based Transport Codes for 

Subcritical Calculations 
Kimberly Clark 

    
 LANL Evaluation of Measured and Simulated List-Mode Data 

for Subcritical Systems 
Jesson Hutchinson 

    
 LANL Direct Calculation of Measured Observables in a 

Multiplying Sub-Critical System II 
Avneet Sood 

    
10:30 AM – 
10:45 AM 

BREAK 
  

    

10:45 AM 
INTEGRAL EXPERIMENTS 

(continued) 
 

    
 LLNL Integral Experiments Accomplishments-Nuclear 

Accident Dosimetry 
Dave Hickman 

    
 ORNL Use of SCALE Sensitivity/Uncertainty Analysis Tools in 

the Design of Critical Experiments – Lessons Learned 
Davis Reed 

    
 ANL Integral Experiment Covariance Data Dick McKnight 
    
 ANL How to Design a Critical Experiment aka “CED-1 and 

CED-2” 
Dick McKnight 

    
 OPEN DISCUSSION  ALL 
    

INFORMATION PRESERVATION AND DISSEMINATION 
    
 LLNL FY 2011 Information Preservation and Dissemination 

Accomplishments 
Chuck Lee 

    
 LLNL ICSBEP Accomplishments Dave Heinrichs 
    
 HANFORD ARH-600 and Actinide Integral Cross Section Progress 

Report 
Ray Puigh 

    
 OPEN DISCUSSION  ALL 
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12:30 PM – 
1:30 PM 

LUNCH 
  

    
1:30 PM NUCLEAR DATA  
    
 ANL ANL Nuclear Data Activities Dick McKnight 
    
 BNL Release of the ENDF/B-VII.1 Evaluated Nuclear 

Data File 
David Brown 

    
 LANL LANL Data Testing Support for ENDF/B-VII.1 Skip Kahler 
    
 LANL LANL Data Evaluation Support for ENDF/B-VII.1 Skip Kahler 
    
 LLNL Nuclear Data Accomplishments-Delayed Fission 

Gammas 
Dave Heinrichs 

    
3:30 – 
3:45 PM 

BREAK 
  

    
3:45 PM NUCLEAR DATA 

(continued) 
 

    
 ORNL ORNL Neutron Cross-Section Measurements Activities Klaus Guber 
    
 ORNL Nuclear Data Evaluation Status for Tungsten Isotopes 

182-184,186W and 63,65Cu 
Marco Pigni 

    
 ORNL Resonance Evaluation Status for 239Pu Mike Dunn 
    
 RPI NCSP-related Nuclear Data Measurements at RPI Yaron Danon 
    
 OPEN DISCUSSION  ALL 
    
 TRAINING AND EDUCATION  
    
 ORNL Development and Deployment of 2-Week Nuclear 

Criticality Safety Training Course 
Sedat Goluoglu 

    
 LLNL LLNL Training and Education FY 2011 Accomplishments Catherine Percher 
    
 SNL Critical Experiment Training at Sandia  Gary Harms 
    
 OPEN DISCUSSION   
    
  GENERAL DISCUSSION/CONCLUSION  
    
5:30 PM ADJOURN   
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2 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

CSSG* 
• Mission 
• Scope of Activities 
• Membership 

– Current names 
– Expertise 

• Activities 
– Historic overview 
– FY10 & FY11 

 
*See U.S. Department of Energy Nuclear Criticality Safety Program website, 

http://ncsp.llnl.gov/cssgMain.html 
 



3 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Mission – Provide Operational & 
Technical Expertise to the NCSP 
Manager 
 
 • Support DOE Missions 

– Stockpile Stewardship 

– Materials Stabilization 

– Transportation 

– Storage 

– Facilities Decommissioning 

– Waste Disposal 

• Recommend Implementation & Execution of the 
Coherent & Efficient NNSA-administered NCSP* 

 

*See http://ncsp.llnl.gov/NCSP-MV-COMPRESSED.pdf 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Scope of Activities 
 • Apart from participation in officially approved and funded CSSG 

meetings, expenditure of NCSP funds in support of activities shall be 
by formal Tasking from the NCSP Manager to the CSSG Chair 

• Technical support to the NCSP manager in the execution of the NCSP 
including reviews for: 
– Activities or conditions that have the potential for serious degradation of 

nuclear criticality safety at DOE facilities 
– New nuclear facility designs where criticality accidents are a credible hazard 
– New or revised DOE Directives, Standards, and Guides related to criticality 

safety 
– Contractor nuclear criticality safety programs at DOE facilities in support of 

DOE Line Management 
• Generally limited to addressing DOE complex-wide topics – not for 

one-of-a-kind site-specific problem solutions 
• Meet face-to-face at least twice a year to review NCSP objectives & 

activities 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

CSSG Membership 
Member Affiliation Ex-officio  Member Affiliation 
Calvin M. Hopper, Chair ORNL (ret.) A. Nichole Ellis SAIC/DOE-NA 
E. Fitz Trumble, Dep. Chair WSMS James R. Felty SAIC/DOE-NA 
Richard E. Anderson LANL Ivon E. Fergus, Jr. DOE-HS 
David G. Erickson SRS Richard D. McKnight ANL 
Adolf S. Garcia DOE-ID Gladys O. Udenta DOE-NA 
David K. Hayes LANL Lori Scott SAIC/DOE-NA 
David P. Heinrichs LLNL Hazel Slemmons SAIC/DOE-NA 
Kevin D. Kimball Y-12 
Thomas P. McLaughlin LANL (ret.) 
James A. Morman ANL 
Davis A. Reed ORNL 
Robert E. Wilson DOE-EM 

Emeritus Member Affiliation 

Jerry N. McKamy DOE-NA 

Thomas A. Reilly WSMS (ret.) 

Hans Toffer Fluor Gov’t Group 

R. Michael Westfall ORNL (ret.) 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

CSSG Member’s Expertise 

• Critical and Sub-Critical Integral Experiments 
• Differential Nuclear Physics Measurements 
• Nuclear Data Evaluation 
• Computational Methods 
• Criticality Safety Training and Qualification 
• Management of Criticality Safety Programs 
• Criticality Safety Evaluations 
• Criticality Safety Consensus Standards 



7 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Historic Overview of CSSG 25 Tasking 
Activities Since January 2006 

Tasking ID Title 

2006-01 Review of Criticality Safety Infractions & Deficiencies at Identified Priority Sites 

2006-02 Recommendation on Internet Availability of Criticality Safety Related Reports 

2006-03 Review and Recommendation on the LLNL Hands-On Criticality Safety Training Course Syllabus 

2006-04 Review and Prioritization of Proposed NCSP Tasks for FY07 

2006-05 Assessment of Criticality Safety and Nuclear Data Needs Requiring a Super-SHEBA Capability 

2006-06 Assessment of Criticality Safety and Nuclear Data Needs Requiring 
Solution Critical Experiments Involving Other than Uranyl-Nitrate Solutions 

2006-07 Technical review of the draft document, "Preclosure Criticality Analysis 
Process Report” 

2007-01 Review and Prioritization of Proposed NCSP Tasks for FY08 

2007-02 Review of Site Criticality Safety Infractions and Deficiencies Occurring in Calendar Year 2006 

(See http://ncsp.llnl.gov/cssgMain.html - “tasking/responses”) 

http://ncsp.llnl.gov/cssgMain.html
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Historic Overview of CSSG 25 Tasking 
Activities Since January 2006 (cont.) 

Tasking ID Title 

2007-03 Technical review of the document, "Preclosure Criticality Analysis Process Report, Rev.1 [dated – March 
08, 2007]” and License Application Section 1.14 [Story Board Draft D] and Resolution of Previous CSSG 
Comments. 

2007-04 Review of Fluor-Hanford Draft Criticality Safety Evaluation Report 

2007-05 Review of RevCom Draft DOE-STD-1189 

2007-06 CSSG Self-Assessment 

2007-07 Review of the Technical Basis for IEZ at Y-12 (Y/DD-1242) 

2008-01 OUO 

2008-02 OUO 

2008-03 Recommendation on the DOE needs for a large, multi-purpose horizontal split table critical assembly 
device 

2008-04 Definition of critical in terms of calculated reactivity for use in probabilistic risk analysis 

2008-05 OUO 

2009-01 Position Paper on the Purpose, Structure and Operation of Criticality Safety Committees 

2009-02 Development and Recommendation of a Uniform Criticality Incident Categorization Scheme 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Historic Overview of CSSG 25 Tasking 
Activities Since January 2006 (cont.) 

Tasking ID Title 

2009-03 Recommendations for the Future DOE NCSP Training and Education Infrastructure Program 

2009-04 Review of the 2009 Revision to DOE-STD-1158, Self-Assessment Standard for DOE Contractor Criticality 
Safety Programs 

2009-05 Development of a training guide for DOE-STD-1173-2009, Criticality Safety Functional Area 
Qualification Standard, DOE Nuclear Facilities Technical Personnel 

2009-06 Review of the Technical Criticality Safety Basis for the Hanford Tank Farm  

2010-01 Balanced Technical Approaches for Addressing Potential Seismically Induced Criticality Accidents in 
New Facility Design 

2010-02 Role Of Criticality Safety In Facility Hazard Categorization 

2011-01 Review of DOE O 420.1C 

(March 2010 – March 2011 responses) 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Historic Overview of CSSG 25 Tasking 
Activities Since January 2006 (cont.) 

Tasking ID Title 

2011-02 CSSG Participation in Drafting and Review of the Final DOE HS-21 Revision to DOE-
STD-3009 

2010-01 
(Rev. 1 Final) 

CSSG Response to Tasking 2010-01 Revision 1, Balanced Technical Approaches for 
Addressing Potential Seismically Induced Criticality Accidents in New Facility Design 

2011-03  CSSG Response to DNFSB Staff Member on CSSG Position in Regards to Seismic 
Design  

2011-04 CSSG Review of the UPF Facility Position on Criticality Safety in Regards to Seismic 
Design 

2011-05 (1) Independent Review of Godiva Safety  (Assessment of Operational Safety) 

2011-05 (2) Independent Review of Godiva Safety  (Assessment of DNFSB Concerns) 

2011-06 Focused Criticality Safety Review at LANL Plutonium Facility (PF-4) – in process 

(March 2011 – March 2012 Products/Activities) 



11 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Four FY11 & FY12 Tasking Activities 
• 2011-02, CSSG Participation in Drafting and Review of the Final 

DOE HS-21 Revision to DOE-STD-3009 
• 2010-01, Balanced Technical Approaches for Addressing 

Potential Seismically Induced Criticality Accidents in New 
Facility Design (final revision 1) 

• 2011-03, CSSG Response to DNFSB Staff Member on CSSG 
Position in Regards to Seismic Design 

• 2011-04, CSSG Review of the UPF Facility Position on 
Criticality Safety in Regards to Seismic Design 

• 2011-05, Independent Review of Godiva Safety – 1 
• 2011-05, Independent Review of Godiva Safety – 2 
• 2011-06, Focused Criticality Safety Review at LANL Plutonium 

Facility (PF-4) (in progress) 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-02, CSSG Participation in Drafting 
and Review of the Final DOE HS-21 
Revision to DOE-STD-3009 – Response 

Conclusion  
Overall the review indicates that criticality safety is being 
appropriately represented in the new language in 3009. 
Suggested wording changes, or other thoughts, to the 
primary criticality safety related sections are included in 
the response. 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2010-01, Balanced Technical Approaches 
for Addressing Potential Seismically 
Induced Criticality Accidents in New 
Facility Design (final revision 1) 
 – Response 

Conclusions  
• Criticality safety engineers should participate throughout all facility design 

stages to ensure appropriate hazard categorization of the facility based on the 
guidance provided in the CSSG Response to Tasking 2010-02 

• The principal role of the criticality safety engineer throughout the design 
process is to identify SSCs for defense-in-depth and worker safety based on 
their required function following an earthquake as credited in NCSEs 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Conclusions  
• The purpose of a CAAS is to provide a prompt evacuation alarm to protect 

facility workers.  Additional, often very large, costs associated with the seismic 
tolerance of criticality accident alarm systems may be avoided if emergency 
evacuation is provided by seismic instrumentation or earthquake evacuation 
procedures  

• Criticality safety engineers are encouraged to work closely with structural 
analysts to consider possible cost savings by suggesting innovative and 
inexpensive preventive measures such that seismic damage does not result in 
a criticality accident. This would permit limit states A, B and C and not require 
designing to the “no damage” limit state D. 

2010-01, Balanced Technical Approaches 
for Addressing Potential Seismically 
Induced Criticality Accidents in New 
Facility Design (final revision 1) 
 – Response (cont.) 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-03, CSSG Response to DNFSB Staff 
Member on CSSG Position in Regards to 
Seismic Design – Response 

• Generated from an inquiry by a DNFSB staff member 
questioning the CSSG conclusions in 2010-01 

• Response provided a reiteration or clarification of 2010-01 
conclusions, i.e.,  
– The conclusion that SDC-1 and LS-B may be assigned to SSCs important to 

criticality safety is valid, provided that NCSEs show that no credible upset 
condition, including the potential SSC damage/deformation caused by the DBE 
consistent with the SDC and LS selected, results in a criticality accident. The 
CSSG recommendation for the SDC and LS assignments is not based on dose 
considerations alone.  
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-04, CSSG Review of the UPF Facility 
Position on Criticality Safety in Regards to 
Seismic Design – Response based upon 
interim safety documents 

Conclusions 
• Criticality safety related requirements are being appropriately 

applied to the UPF project  
• Significant conservatism is provided in the CSPSs (cost 

effectiveness should be considered) 
• The UPF safety strategy endorses the use of passive engineered 

features over administrative controls (may simplify operations) 
• The safe-shutdown strategy adopted by the UPF project in response 

to a design basis earthquake by providing for a safe and orderly 
evacuation of the facility is acceptable  
 



17 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-05, Independent Review of Godiva 
Safety – 1, Response  

Conclusions 
• The Godiva reactor can be safely operated within the 

framework of documentation that currently exists 
• Each of the seven Topics of Review was considered and 

concluded to be adequately covered by the associated 
documentation or hardware systems 

• Compliance of the documentation with current DOE 
regulations, standards and guides was not evaluated 
and is not included in this review team conclusion  
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-05, Independent Review of Godiva 
Safety – 2, Response  
• Conclusions 
• The conclusions of Report 1 of CSSG Tasking 2011-05 is 

restated:  
Planned Godiva operations incorporate adequate operational safety, 
consistent with guidance of national consensus standards 
ANSI/ANS-1-2000 and ANSI/ANS-14.1-2004  

• The review team concurs with the NNSA response to DNFSB 
concerns titled "Unmitigated Dose Analysis for Godiva," "Effects 
of Fuel Cracking," and "Design of Safety Instrumented Systems."  

• The team provides recommendations for a path-forward for near-
term actions (Godiva assembly and startup) and future actions 
(experiments with samples of 239Pu or other actinides) that allows 
for resolution of DOE-STD-3009-94 CN-3 documentation issues.  
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

2011-06, Focused Criticality Safety 
Review at LANL Plutonium Facility (PF-4) 
– in process  

Tasking summary: 
• Using DOE-STD-1158 perform a focused criticality safety 

program review of the LANL plutonium facility (PF-4) 
emphasizing conduct of operations and management practices 

• Perform a limited scope review LASO NCS oversight using a 
graded approach focusing on the LASO response to recent 
criticality safety events in PF-4 

• Provide report to the LASO Site Manager upon completion and 
approval by the DOE Nuclear Criticality Safety Program (NCSP) 
Manager 
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 for the U.S. Department of Energy US DOE NCSP Criticality Safety Support Group (CSSG) Functions & Activities 

Details about the CSSG and Taskings 
are at: 

http://ncsp.llnl.gov/cssgMain.html 
“tasking/responses” 

 

Questions? 

http://ncsp.llnl.gov/cssgMain.html


Nuclear Criticality Safety Program 
(NCSP) Integral Experiment 

Process 
 
 

FY 2012 NCSP Management Team (McKamy, Udenta, Felty, Scott, Ellis) 
NCSP Technical Seminar 
ORNL 
March 13-14, 2012 

FY2012 – Making sure we get it right! 



The NCSP Mission & Vision 

2 



Integral Experiments Vision 

3 

• The IE element will provide a sustainable 
infrastructure and a systematic, interactive 
process to assess, design, perform, and  
    document integral  
    criticality safety-related 
    benchmark-quality  
    experiments to support 
    safe, efficient fissionable 
    material operations. 

 



Where are we today? 

4 

• Sustainable Infrastructure and Status 
• Interactive Process and Status 
• Management Team Perspective 
• Areas of success 
• Lessons Learned 
• Areas of Needed Improvement 

 



NCSP Proposed Experiments to Date 

5 

• Submitted at: http://ncsc.llnl.gov/ 
• Currently 47 NCSP experiment requests approved or in 

the NCSP Management review process 
– VNIITF critical experiments 

– SILENE critical experiment 

– Sandia critical experiments 

– Stockpile science experiments 

– NCT experiments 
– Naval reactor experiments 
– General requests 

http://ncsc.llnl.gov/


Integral Measurement Capabilities 

6 

• National Critical Experiments Research Center (NCERC) Staff 
making limited subcritical and fundamental physics 
measurements per approved 5-Year Plan 

• NCERC performed first Critical Experiment for Start-up June 2011 

• Currently, NCERC has PLANET, COMET, and FLATTOP operational 

• NCERC started hands-on training in August 2011 

• Sandia National Laboratory continues to perform  water 
moderated criticality experiments and training 

• The US DOE continues collaborations with the French 
government for joint measurements/data acquisition (MIRTE and 
MIDAS) 

• VNIITF, Russia continues to perform experiments for US 
requested data needs 



Examples of Measurements 

– Keff (Critical, Sub-Critical Configurations) 

– Deep Transport (Shielding, CAAS, etc.) 

– Reaction Rates (Spectral Indices, Spatial Profiles, Dosimetry, etc.) 

– Spectrum (Neutron, Gamma) 

– Reactivity Worths (Small-sample, Control Rods, 
Material Replacement, Doppler Temperature 
Coefficients, Void or Insertion)  

– Kinetic Parameters (βeff, Delayed Neutron 
Fractions, ai’s and λi’s, etc.) 

7 



IER and CEdT Process 

8 

• Ensure requestor’s nuclear data needs are 
well understood and met by integrating all 
capabilities of the NCSP to design and approve 
the requested measurements, including 
deciding which facilities within the  

 DOE are best suited to perform  
 and document the requested  
 measurements. 

 



9 



Online IER and CEdT Process 

• Website is set up to maintain a history of the 
request with all actions noted 

• All experiment/measurement documentation 
is uploaded onto the website for CEdT Process 

• All approvals are done on the website 
• Manual available with instructions for all users 

of the website, to be updated at rollout of 
new website updates 

10 



Goals of IER Process 

• Identifies the NCSP assets required to perform non-
NCSP experiments/measurements 

• Ensures the Requestor’s non-NCSP mission needs are 
understood, reviewed, and prioritized as applicable 
by the NCSP while maintaining the integrity of the 
DOE NCSP Integral Experiment CEdT process of 
designing and approving NCSP experiments 

• Establishes an ongoing transparent process 
• Federal NCSP operations authorization of integral 

experiments/measurements for non-NCSP IERs 
utilizing NCSP funds 

11 



Goals of CEdT Process 

• Identifies the nuclear data needs precisely 
• Assesses the available experimental materials and all 

facility capabilities for the data need 
• Uses Tsunami/sensitivity tools to design the experiment 
• Ensures quality evaluation and documentation of the 

experiment (i.e., ICSBEP Publication) 
• Ensures quality/precision of the experiment in design and 

execution (QA/QC) 
• Establishes an ongoing transparent process 
• Federal NCSP operations authorization of integral 

experiments 
12 



Steps of IER and CEdT Process 

• The process is divided into five steps called 
Critical/Subcritical Experiment Decision (CED) 
steps.  The non-NCSP IER process utilizes the first 
two steps of the CEdT Process (CED steps).  The 
NCSP Manager approves each CED to ensure that 
the Requestor’s needs and the NCSP 
programmatic needs are being met.  
– Justification of Integral Experiment Need (CED-0), 
– Integral Experiment Preliminary Design (CED-1), 
– Integral Experiment Final Design (CED-2), 
– Approval to Conduct the Integral Experiment (CED-3), 

and 
– Publication of Data (CED-4). 

 
13 



CEdT Process Flow Chart 

• The CEdT Process Flow Chart provides a high level 
overview of the entire process of submitting an 
experiment request, approval  

 steps, member involvement  
 in each step, etc.  This process 
 typically may take two to 
 three years from inception to 
 execution and publication of the 
 experimental data, but can be  
 significantly expedited to  
 address high priority needs. 

14 



15 



16 

CED-0: Mission Need 

CEdT Man. NDAG 

ICSBEP 

- Approves CED-0 request 
- Posted on website 
- Email information to Requestor 
- Requestor solicits others 

Submits Request (IER) 

Experimenter NCSP Man. 

Requestor 

Methods 



17 

Publication 

NCSP Man. 

- Approves preliminary design (CED-1) 
- Website updated 

Methods 

NDAG 

Requestor 

- Investigates experiment 
- Constructs Models/Verify experiment preliminary design matches application needs 
- Develops recommendation for experiment(s) 
- Ensures data will meet Requestors needs 
- CEdT issues summary/report including the Preliminary Design (with full CEdT 

consensus) to NCSP Manager 

CED-1: Preliminary Design 

Experimenter 

CEdT Man. 
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- Detailed experiment plans finalized & meet Requestor needs 
- USQD/AB changes identified and/or initiated if required 
- Facility prerequisites complete (i.e. long lead procurements, etc.) 
- Demonstrate expected precision and systematic bias acceptably small 
- Demonstrate experimental bias expected to be acceptably small 
- Experiment precision discussed with Requestor to ensure needs met (Area of Applicability verified) 
- Baseline budget estimate developed 
- Section 1 and 2 of ICSBEP evaluation drafted (CEdT concurs with draft) 
- CEdT issues summary/report including the Final Design (with full CEdT consensus) to NCSP Manager 

 

CED-2: Final Design 

NCSP Man. 

-Approves final design (CED-2) 
- Website updated 

CEdT Man. 

Publication 

Methods 

NDAG 

Requestor 

Experimenter 
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- Detailed cost estimate prepared 
- Detailed facility plan approved 
- Final resource loaded schedule developed 
- USQD/AB changes finalized and approved 
- CEdT issues summary/report including the facility plan and cost estimate 
(with full CEdT consensus) to NCSP Manager 

 

CED-3a: Facility Plan/Cost 
Estimate 

NCSP Man. 

- Approves facility plan/cost estimate (CED-3a)  
- Website updated 

Experimenter 

CEdT Man. 
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- Experiment performed and did not deviate from intended 
purpose 
- Data collected 
- Section 1 finalized for sending to ICSBEP evaluator, if 
applicable 
- CEdT issues summary/report on completion of experiment 
(with full CEdT consensus) to NCSP Manager 

Publication 

Requestor 

CED-3b: Execution 

NCSP Man. 

- Approves completion of experiment (CED-3b)  
- Website updated 

Experimenter 

CEdT Man. 
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- Analysis (including S/U) completed 
- Evaluation prepared and internally reviewed 
- All review comments addressed 
- CEdT issues summary/report including the experiment publication 

evaluation (with full CEdT consensus) to NCSP Manager 
 

CED-4a: Publication Evaluation 

Methods 

Publication 

Requestor 

Experimenter 

NCSP Man. 

- Approves publication evaluation (CED-4a)  
- Website updated 

CEdT Man. 
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- Evaluation externally/independently reviewed (depending on method) 
- All review comments addressed 
- Experiment data published in ICSBEP Handbook or other appropriate publication format 
- CEdT issues summary/report including a copy of the approved publication (with full CEdT 

consensus) to NCSP Manager 
 

 

CED-4b: Publication Process 

Methods 

Publication 

Requestor 

Experimenter 

NCSP Man. 

- Approves completion of publication process (CED-4b)  
- Website updated 

CEdT Man. 



GANTT Charts 

• Masters of priority and schedule 
• Changes made via BCR 
• Will be updated annually per 5-Year plan 

updates 
• New charts added yearly and older requests 

will be reprioritized per NCSP Management 
with assistance from CSSG, Task Managers, 
etc. 

23 



BCRs 

• Used to request a change in the baseline 
(scope, schedule, budget) to a given Integral 
Experiment Request (IER) within a given fiscal 
year. 

• GANTT Chart then updated 
• Link to blank form and classification 

levels/authorization on IER section of website 
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IER Change Request 
Process description:  Used to request a change in the baseline (scope, schedule, budget) to a 
given Integral Experiment Request (IER) within a given fiscal year. 
 
Log 
Number: 

Originator: Phone: Email: Date prepared: 

IER 
Number: 
 

Current 
Five-Year-
Plan 
Approved 
Revision #: 

Proposed 
Five-Year-
Plan 
Approved 
Revision #: 

Change 
Level: 

 Level 1 
 Level 2 

Note: 
Level 1: Approval from NCSP 
manager  
Level 2: Notification to CEdT 
manager 

Description of Change: 
Justification: 
Impact Assessment 
Scope: 
Schedule: 
Budget: 
Milestones: 
Alternatives Analysis: 
Acknowledgement and Approvals 
 Date Signature 
Originator   
NCSP Task Manager (Site)   
Change request received by CEdT 
manager 

  

Change accepted by CEdT manager (Level 
2) 

  

Change approved by NCSP manager 
(Level 1) 
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Table 1.  Change Requests Levels and Thresholds 
 
 Description Required action Change 

Level 
Scope  
change 

Request to leave a given phase before completion of 
that phase (Change in experiment that requires the 
evaluation of an earlier stage e.g., during CED-3a, 
events require the alteration of the experiment such 
that it has to re-enter CED-1) 

Notification to the CEdT Manager 
- and - 
Approval from Federal NCSP Manager 

1 

Cancellation of experiment (CED-3b) Notification to the CEdT Manager 
- and - 
Approval from Federal NCSP Manager 

1 

Other (describe): 
 
 

Notification to the CEdT Manager 
- and – (possibly) 
Approval from Federal NCSP Manager 

1 

Schedule  
change 

Change in completion dates (early or late) of CED-1 
or CED-2 that does not affect completion date of 
CED-3a or CED-3b 

Notification to the CEdT Manager 2 

Change in the completion date of CED-3a or CED-3b Notification to the CEdT Manager 
- and - 
Approval from Federal NCSP Manager 

1 

No change in CED-3, but change in completion date 
of CED-4a or CED-4b 

Notification to the CEdT Manager 2 

Other (describe): 
 
 

Notification to the CEdT Manager 
- and – (possibly) 
Approval from Federal NCSP Manager 

1 

Budget  
change 

No change in total FY allocation, but a shuffling of 
funds within IERs 

Notification to the CEdT Manager 2 

Additional funding requested that represents a 5% 
or greater amount of the Lab’s total IER budget or a 
10% or greater amount for a given IER 

Notification to the CEdT Manager 
- and - 
Approval from Federal NCSP Manager 

1 

 



Expectations from McKamy 
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• Detailed tracking of experiments from start to finish (i.e., 
IER number to Charge Code at NCERC) 

• Will aid in determining full cost of experiments, real time 
line to execute all phases of experiments 

• Teleconferences by exception as required-add people as 
needed 

• Minutes to group/used as aid for measuring Milestones 
• Start-up IERs to be benchmarked, all experiments 

evaluated for publication level required 
• More day to day communication expected between all 

parties 
 



Quad Charts for IE 

• Huge level of milestone increase 
• Quad Charts are revamped to include all Level 2 

and Level 3 milestones for IE 
• Each and every milestone listed in the 5-Year Plan 

status shall be reported each quarter 
• Funding is to be tracked 
 as actual spend (no 
 linear slopes) 
• Quad Charts are to be 
 consistent between 
 laboratories 
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Why do you care? 
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• We want to this right and become world-class in 
Criticality Experiments and Measurements 

+ 
• “Continued Failures of the CEdT process is a 

failure of conduct of operations and therefore an 
ORPS reportable event.” 

  



Success: CEdT Responsibilities 

• Provide CEdT Members for IERs as soon as CED-0 
approved 

• Coordinated CEdT efforts throughout the entire 
process 

• Process guiding everyone how to document all 
steps of the experiment process (from planning, 
to execution, to publication) 

• Signatures of all CEdT members for each step 
prior to NCSP Manager review 
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Success: Documentation & 
Communication 

31 

• Requires multiple individuals with different 
areas of expertise to communicate 

• Requires team members to develop a plan of 
action, ensuring that Requestor’s needs are met 
in the most efficient method possible with the 
available resources 

• Requires a baseline budget estimate for 
conducting the experiment to be developed 
eliminating the likelihood of surprises 

 



Success: Learning Tool 
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• With each process step executed, CEdT members 
as well as management learns: 
– Real time efforts required to perform each step of 

the process 
– Real costs of performing each step 
– Resources required to adequately run facilities, as 

well as execute experiments/measurements 
– Level of communication required to be efficient 

and successful 



Success: Time Saver 
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• All procurement specifications for the experiment are 
specified early in the process 

• Long lead procurements are identified early and are 
acquired in a timely manner 

• Required USQD/AB changes are identified and/or initiated 
so as not to cause delays 

• Resource loaded (baseline) schedule is provided for 
execution of the experiment, data analysis, and publication 
based on the priority of the experiment requestor’s data 
need(s) allowing management to determine value versus 
cost 

 



Success: Archiving 
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• The online process allows for a single location 
for all documentation for each experiment 

• Also allows all team members access to all 
information in real time 

• Allows NCSP Management to review 
information for each experiment in real time 

• No more digging in boxes for experiment 
information 



Success: NCSP Management 
Involvement 
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• All approvals required by NCSP Manager to move forward 

• Turn-around time quicker and more efficient with on-line 
process 

• Process is more transparent allowing Task Managers and 
NCSP Management to work together better 

• CED steps authorized to start based on current funding 
levels, NCSP priorities, schedule of the Requestor’s need, 
facility availability, material availability, etc.  



Lessons Learned: Resource Issues 
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• Steps based on current funding levels, NCSP 
priorities, schedule of the Requestor’s need, facility 
availability, material availability, etc. 

• Process is showing a large learning curve for all steps, 
all facilities 

• More is involved for each step than previously 
thought – use of resource loaded schedules essential 

• Communication essential to adequately determine 
timeline for execution of each step 
 



Lessons Learned: Website Issues 
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• Access can be difficult to get to right 
area, know how to navigate the pages 

• Signatures for all team members hard to 
obtain unless on-line 

• Publication Method was over-looked 
initially 

 



Lessons Learned: Online CEdT Process 
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39 

Approval Section Here 



Lessons Learned: Milestones 
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• GANTT chart versus milestones in 5-Year 
Plan 

• Filling out Quad Charts takes time, 
communication, and team coordination 
(consistency, timeliness, correct 
information) 



Lessons Learned: Communication 
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• Between any CEdT Members not occurring 
initially 

• CEdT Lead and Primary Investigator no longer 
the same position 

• Between Task Managers and NCSP 
Management difficult – now single source 

• Biggest issue to date!!!  Causes the biggest 
delays 



Lessons Learned: Process Reliance 
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• Teams expecting Process to notify team 
members via email and that be sufficient 
communication 

• Expected uploaded documentation to 
indicate status of experiment process 

• Expect to have universal access 
• Want to use it as a management tool for 

all individuals 



Areas of Needed Improvement: 
Process Reliance 

43 

• Way to ensure Leads notify members, not rely on 
system 

• Uploaded documentation to indicate status of 
experiment process in title 

• Find ways to provide universal access to task 
managers for ‘viewing only’ 

• Communicating process is NCSP management tool –
changes possible and likely but not at expense of 
making tool less efficient for NCSP Management 



Areas of Needed Improvement: Online 
CEdT Process 

• Logout button needed 
• Signatures electronic, need to be used 
• Email signature when unavailable, via CEdT 

Manager or Deputy Manager (upload to site)-
Lead override? 

• BCR submittals behind – need to work on use 
of these and understanding of importance 
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Areas of Needed Improvement: 
Milestones 

45 

• Take more time to review GANTT chart 
versus milestones in 5-Year Plan 

• Work on filling out Quad Charts as a 
team (coordination for consistency, 
timeliness, correct information) 



Areas of Needed Improvement: 
Communication 

46 

• How can teams work together up front better 
(teleconference, videoconference, etc.) 
– Time needed for each step by each team 

member 
– Funds, resources, etc. required 
– Integrated schedule with constant 

communication 
 
 



Areas of Needed Improvement: 
Communication 

47 

• Future task to take a day to go over 
process and work out any major kinks 
and work on improving the process with 
all players (possibly at Fall meeting) 

 

 



Questions? 
Ideas? 

Feedback? 

48 



SILENE Benchmark 
Experiment for 
Criticality Accident 
Alarm Systems 
 
Evaluation Progress in FY 2011 

Thomas M. Miller 
Oak Ridge National Laboratory 
Reactor and Nuclear Systems Division 
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Outline 

• Brief review of the SILENE CAAS benchmark 
• Work performed jointly with the CEA 
• Progress on benchmark evaluation 

– Comparison between calculations and measurements 
for pulse 1 

– Issues encountered and their resolutions 
• Future work (FY 2012 and 2013)  
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Experimental configurations 
• Pulse 1 

– SILENE bare (no reflector) 
– Collimator A – unshielded 

• Full set of neutron activation foils 
• Valduc Al2O3, ORNL HBG & DXT TLDs 
• Rocky Flats CAAS 

– Collimator B – 20 cm barite concrete 
• Full set of neutron activation foils 
• Valduc Al2O3, ORNL HBG & DXT TLDs 
• Rocky Flats & CIDAS CAAS 

 
 

• Pulse 2 modifications 
– SILENE with lead reflector (shield) 
– Collimator B barite concrete replaced 

by standard concrete 

– Free-field location 
• Full set of neutron activation foils 
• Valduc Al2O3, ORNL HBG & DXT TLDs 

– Scattering Box (2 magnetite & 4 
standard concrete shields) 

• Full set of neutron activation foils 
• 3 partial sets of neutron activation foils 
• Valduc Al2O3, ORNL HBG & DXT TLDs 
• 2 additional HBG and DXT TLDs 
• 4 additional Valduc Al2O3 TLDs 
• Rocky Flats & CIDAS CAAS 

• Pulse 3 modifications 
– SILENE with cadmium lined 

polyethylene reflector (shield) 
– Collimator B concrete replaced 

by 3” (7.62 cm) of BoroBond 
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Photographs of bare SILENE and pulse 1 
cell configuration 
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Photographs of scattering box and collimators 
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Photographs of SILENE with polyethylene and lead 
shields/reflectors 
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†The relative uncertainty on the number of fissions is ~4% (1 sigma) 

Summary of individual pulses 
Comments on experimental results 

Pulse 1 Pulse 2 Pulse 3 

SILENE Shield Bare Lead Polyethylene 

Critical Height (cm) 37.333 31.322 34.641 

Final Height (cm) 41.871 34.560 38.541 

Number of Fissions† 1.88e17 2.14e17 1.92e17 

Duration of Pulse (sec) 7 6 6 

• Neutron foil activities 
– Pulse 1 results are presented in Table III of 2011 ICNC paper 
– Pulse 2 and 3 results will be released in June 2012 

• TLD doses 
– Pulse 1 results for Valduc Al2O3 TLD are presented in Table IV of ICNC paper 
– Pulse 2 and 3 Valduc Al2O3 TLD results will be released in June 2012 
– All ORNL HBG and DXT TLD results for pulse 1 – 3 are presented in Table IV 

of the 2011 ICNC paper 
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Status of benchmark in CEdT process 

• CED-0 justification of integral experiment need, approved 
early 2010 

• CED-1 integral experiment conceptual design, approved 
July 19, 2010 

• CED-2 integral experiment final design, approved 
September 27, 2010 

• CED-3a approval to conduct integral experiment 
September 27, 2010, and experiments conducted 
October 2010 

• CED-3b collect data needed to fully document experiment 
finalize section 1 of ICSBEP benchmark document, initiated 
on April 1, 2011 

• CED-4 publication of data, future work 
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Work performed with CEA 
• Produced a CEA report to summarize 

and document the geometric and 
material data for the three 
experiments 

• Performed a chemical analysis of the 
foils from the same lot as those used 
in the experiments 

• Investigated 
additional 
information 
concerning the 
composition of 
the concrete 
shields 
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Progress of benchmark evaluation (1) 

• Issues discussed in previous presentations 
(indirectly mentioned on the previous slide) 
– Differences between measured and calculated 56Mn 

activity 
– Differences between measured and calculated 

activities of foils behind concrete shields 

Scale 6.1 computational results for 56Mn 
activity [56Fe(n,p)56Mn + 55Mn(n,γ)56Mn] 

Position Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 1.05 9.5% 

Collimator 
B   

Free Field 
Location 1.09 8.8% 

Scattering 
Box 1 0.84 8.4% 

 

Collimator B neutron activation foil Scale 6.1 computational 
results 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Fast 

115In(n,n’γ)115mIn 0.17 8.7% 
54Fe(n,p)54Mn 0.24 8.9% 
24Mg(n,p)24Na 0.46 11.0% 
58Ni(n,p)58Co 0.23 8.7% 

Thermal 

197Au(n,γ)198Au 0.07 8.6% 
115In(n,γ)116In 0.08 8.8% 
59Co(n,γ)59Co 0.06 8.4% 

56Mn  0.07 8.5% 
Al2O3  0.60 9.2% 
HBG  0.55 10.7% 
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Progress of benchmark evaluation (2) 
• Comparison of reaction cross sections (ENDF/B-VII.0 vs. 

IRDF-2002) 
– In most cases ENDF and IRDF produce similar results 
– Exceptions: 115In(n,n’γ)115mIn   &   197Au(n,γ)198Au 

115In(n,n’γ)115mIn Activity SCALE 6.1 Computational Results 
 ENDF IRDF 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

115In(n,n’γ)115mIn 0.07 10.7% 0.95 9.5% 

Collimator 
B      

Free Field 
Location 

115In(n,n’γ)115mIn 0.07 10.2% 0.96 9.2% 

Scattering 
Box 1 

115In(n,n’γ)115mIn 0.03 14.4% 0.38 10.1% 
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Progress of benchmark evaluation (2) 
• Comparison of reaction cross sections (ENDF/B-VII.0 vs. 

IRDF-2002) 
– In most cases ENDF and IRDF produce similar results 
– Exceptions: 115In(n,n’γ)115mIn   &   197Au(n,γ)198Au 

115In(n,n’γ)115mIn Activity SCALE 6.1 Computational Results 
 ENDF IRDF 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

115In(n,n’γ)115mIn 0.07 10.7% 0.95 9.5% 

Collimator 
B      

Free Field 
Location 

115In(n,n’γ)115mIn 0.07 10.2% 0.96 9.2% 

Scattering 
Box 1 

115In(n,n’γ)115mIn 0.03 14.4% 0.38 10.1% 

 

We will discuss this shortly 
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Progress of benchmark evaluation (3) 
– However, the Au exception may be the result of a bad measurement 

and uncertainty about the magnetite concrete composition 

197Au(n,γ)198Au Activity SCALE 6.1 Computational Results 
 ENDF IRDF 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

197Au(n,γ)198Au 0.47 8.9% 0.97 9.5% 

Collimator 
B      

Free Field 
Location 

197Au(n,γ)198Au 1.09 9.0% 1.91 10.2% 

Scattering 
Box 1 

197Au(n,γ)198Au 0.79 8.7% 1.12 9.3% 

Scattering 
Box 2 

197Au(n,γ)198Au 0.85 8.8% 1.18 9.4% 

Scattering 
Box 3 

197Au(n,γ)198Au 0.97 8.7% 1.54 9.2% 

Scattering 
Box 4 

197Au(n,γ)198Au 0.97 8.7% 1.41 9.1% 
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Progress of benchmark evaluation (3) 
– However, the Au exception may be the result of a bad measurement 

and uncertainty about the magnetite concrete composition 
 197Au(n,γ)198Au Activity SCALE 6.1 Computational Results 

 ENDF IRDF 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

197Au(n,γ)198Au 0.47 8.9% 0.97 9.5% 

Collimator 
B      

Free Field 
Location 

197Au(n,γ)198Au 1.09 9.0% 1.91 10.2% 

Scattering 
Box 1 

197Au(n,γ)198Au 0.79 8.7% 1.12 9.3% 

Scattering 
Box 2 

197Au(n,γ)198Au 0.85 8.8% 1.18 9.4% 

Scattering 
Box 3 

197Au(n,γ)198Au 0.97 8.7% 1.54 9.2% 

Scattering 
Box 4 

197Au(n,γ)198Au 0.97 8.7% 1.41 9.1% 

 

Reaction Collimator A Free Field Ratio CA/FF
197Au(n,γ)198Au 181200 69500 2.61

115In(n,γ)116In 9.11E+06 8.78E+06 1.04
59Co(n,γ)60Co 66.1 66.2 1.00

56Mn 2310 2403 0.96
58Ni(n,p)58Co 14.36 12.99 1.11

115In(n,n'γ)115mIn 8030 6860 1.17
54Fe(n,p)54Mn 0.2062 0.1961 1.05
24Mg(n,p)24Na 61.1 59.1 1.03

Al2O3 6.61 3.72 1.78
HBG 6.03 5.02 1.20

Thermal

Fast

Measurement Data (Bq/g)
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Progress of benchmark evaluation (3) 
– However, the Au exception may be the result of a bad measurement 

and uncertainty about the magnetite concrete composition 
 197Au(n,γ)198Au Activity SCALE 6.1 Computational Results 

 ENDF IRDF 

Position Reaction Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

197Au(n,γ)198Au 0.47 8.9% 0.97 9.5% 

Collimator 
B      

Free Field 
Location 

197Au(n,γ)198Au 1.09 9.0% 1.91 10.2% 

Scattering 
Box 1 

197Au(n,γ)198Au 0.79 8.7% 1.12 9.3% 

Scattering 
Box 2 

197Au(n,γ)198Au 0.85 8.8% 1.18 9.4% 

Scattering 
Box 3 

197Au(n,γ)198Au 0.97 8.7% 1.54 9.2% 

Scattering 
Box 4 

197Au(n,γ)198Au 0.97 8.7% 1.41 9.1% 

 

Reaction Collimator A Free Field Ratio CA/FF
197Au(n,γ)198Au 181200 69500 2.61

115In(n,γ)116In 9.11E+06 8.78E+06 1.04
59Co(n,γ)60Co 66.1 66.2 1.00

56Mn 2310 2403 0.96
58Ni(n,p)58Co 14.36 12.99 1.11

115In(n,n'γ)115mIn 8030 6860 1.17
54Fe(n,p)54Mn 0.2062 0.1961 1.05
24Mg(n,p)24Na 61.1 59.1 1.03

Al2O3 6.61 3.72 1.78
HBG 6.03 5.02 1.20

Thermal

Fast

Measurement Data (Bq/g)

Next let’s discuss the 
shielded scattering 
box locations 

Then discuss the TLDs 
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Progress of benchmark evaluation (4) 
• Comparison of calculations and measurements in the 

scattering box 
– Attempts have been made to adjust the hydrogen content of the 

concrete shields 
– But this was done without adjusting the density 

Fast neutron activation foil SCALE 6.1 computational results 

Position Reaction 
Minimum H 

Content 
Ratio: C/E 

Maximum H 
Content 

Ratio: C/E 

Scattering 
Box 1 

115In(n,n’γ)115mIn 1.08 0.38 
54Fe(n,p)54Mn 1.19 0.47 
24Mg(n,p)24Na --- --- 
58Ni(n,p)58Co 1.22 0.48 

Scattering 
Box 2 

58Ni(n,p)58Co 1.59 0.70 

Scattering 
Box 3 

58Ni(n,p)58Co 1.01 0.86 

Scattering 
Box 4 

58Ni(n,p)58Co 1.04 0.94 

 

Thermal neutron activation foil SCALE 6.1 computational 
results 

Position Reaction 
Minimum H 

Content 
Ratio: C/E 

Maximum H 
Content 

Ratio: C/E 

Scattering 
Box 1 

197Au(n,γ)198Au 0.71 0.79 
115In(n,γ)116In 0.89 1.01 
59Co(n,γ)59Co 0.71 0.89 

Scattering 
Box 2 

197Au(n,γ)198Au 0.72 0.85 
59Co(n,γ)59Co 0.69 0.93 

Scattering 
Box 3 

197Au(n,γ)198Au 0.79 0.97 
59Co(n,γ)59Co 0.75 0.99 

Scattering 
Box 4 

197Au(n,γ)198Au 0.81 0.97 
59Co(n,γ)59Co 0.73 0.96 
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Progress of benchmark evaluation (4) 
• Comparison of calculations and measurements in the 

scattering box 
– Attempts have been made to adjust the hydrogen content of the 

concrete shields 
– But this was done without adjusting the density 

Fast neutron activation foil SCALE 6.1 computational results 

Position Reaction 
Minimum H 

Content 
Ratio: C/E 

Maximum H 
Content 

Ratio: C/E 

Scattering 
Box 1 

115In(n,n’γ)115mIn 1.08 0.38 
54Fe(n,p)54Mn 1.19 0.47 
24Mg(n,p)24Na --- --- 
58Ni(n,p)58Co 1.22 0.48 

Scattering 
Box 2 

58Ni(n,p)58Co 1.59 0.70 

Scattering 
Box 3 

58Ni(n,p)58Co 1.01 0.86 

Scattering 
Box 4 

58Ni(n,p)58Co 1.04 0.94 

 

Thermal neutron activation foil SCALE 6.1 computational 
results 

Position Reaction 
Minimum H 

Content 
Ratio: C/E 

Maximum H 
Content 

Ratio: C/E 

Scattering 
Box 1 

197Au(n,γ)198Au 0.71 0.79 
115In(n,γ)116In 0.89 1.01 
59Co(n,γ)59Co 0.71 0.89 

Scattering 
Box 2 

197Au(n,γ)198Au 0.72 0.85 
59Co(n,γ)59Co 0.69 0.93 

Scattering 
Box 3 

197Au(n,γ)198Au 0.79 0.97 
59Co(n,γ)59Co 0.75 0.99 

Scattering 
Box 4 

197Au(n,γ)198Au 0.81 0.97 
59Co(n,γ)59Co 0.73 0.96 

 

It seems possible that adjustments of the hydrogen (water) content and density 
within the uncertainties could improve the overall agreement in the scattering box 



18 Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Technical Seminar 2012 March 13, 2012 

Progress of benchmark evaluation (5) 
• Comparison of calculations and measurements for TLDs 

– Similar to the Au measurement in Collimator A, the Valduc free field 
TLD seems incorrect 

– All of these kerma values only include response due to fission 
neutrons and photons (prompt and delayed), i.e., no activation 
products 

TLD kerma SCALE 6.1 computational results 

Position TLD Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

Al2O3 0.91 9.7% 
HBG 1.08 13.3% 

Collimator 
B    

Free Field 
Location 

Al2O3 1.47 9.9% 
HBG 1.06 11.5% 

Scattering 
Box 1 

Al2O3 0.77 9.2% 
HBG   

Scattering 
Box 2 

Al2O3 0.87 9.0% 
HBG   

Scattering 
Box 3 Al2O3 0.90 8.7% 

Scattering 
Box 4 Al2O3 0.88 10.6% 
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Progress of benchmark evaluation (5) 
• Comparison of calculations and measurements for TLDs 

– Similar to the Au measurement in Collimator A, the Valduc free field 
TLD seems incorrect 

– All of these kerma values only include response due to fission 
neutrons and photons (prompt and delayed), i.e., no activation 
products TLD kerma SCALE 6.1 computational results 

Position TLD Ratio: C/E 
Relative 

Uncertainty 
(2 sigma) 

Collimator 
A 

Al2O3 0.91 9.7% 
HBG 1.08 13.3% 

Collimator 
B    

Free Field 
Location 

Al2O3 1.47 9.9% 
HBG 1.06 11.5% 

Scattering 
Box 1 

Al2O3 0.77 9.2% 
HBG   

Scattering 
Box 2 

Al2O3 0.87 9.0% 
HBG   

Scattering 
Box 3 Al2O3 0.90 8.7% 

Scattering 
Box 4 Al2O3 0.88 10.6% 

 

Location Al2O3 HBG Ratio Al2O3/HBG
Collimator A 6.610 6.030 1.10
Collimator B 0.820 0.874 0.94

Free field 3.720 5.020 0.74
Scattering box 1 0.580 0.576 1.01
Scattering box 2 0.440 0.398 1.11
Scattering box 3 1.760 --- ---
Scattering box 4 1.870 --- ---

Measurement Data (kerma in air, Gy)
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Progress of benchmark evaluation (6) 
• Conclusions 

– Inclusion of 55Mn impurities in the Fe foils is needed to accurately 
calculate the 56Mn activity 

– Calculating the detector responses in Collimator B for pulse 1 is not 
possible without a new analysis of the barite concrete composition 

– Improving the calculated detector responses in the scattering box 
does seem possible 

– With the exception of 115In(n,n’γ)115mIn, using ENDF/B-VII.0 reaction 
cross sections produces results comparable to IRDF-2002 

– The pulse 1 Au activity in Collimator A does not appear correct, 
particularly when compared to calculations and the Au activity 
measured at other locations after pulse 1 

– Similarly, the Valduc TLD kerma at the free field location does not 
appear consistent with calculations and other measurements 
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Future work (FY 2012 and 2013) 
• Finalize refinement of scattering box concrete composition 
• Work with CEA Valduc to finalize the neutron activities and 

Valduc TLD kerma measurements for pulses 2 and 3 
(expected June 2012) 

• Compare pulse 2 and 3 simulations to newly released data 
• Update MCNP models based on recent adjustments made 

during pulse 1 evaluation 
• Continue collaboration with LLNL to develop a COG 

benchmark model and CEA Saclay to develop a TRIPOLI-4 
benchmark model 

• Finalize draft benchmark evaluation 
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Thanks again to all my collaborators 
• Oak Ridge National Laboratory 

– Design, measurements, documentation, and evaluation 
– T. M. Miller, M. E. Dunn, J. C. Wagner, and K. L. McMahan 

• CEA Valduc 
– Design, irradiation, measurements, and documentation 
– N. Authier, X. Jacquet, G. Rousseau, H. Wolff, J. Piot, L. Savanier, and 

N. Baclet 
• CEA Saclay 

– Shielding materials and evaluation 
– Y. K. Lee, V. Masse, J. C. Trama, E. Gagnier, S. Naury, and R. Lenain 

• Lawrence Livermore National Laboratory 
– Rocky Flats CAAS 
– S. Kim and G. M. Dulik 

• Babcock International Group 
– CIDAS CAAS 
– R. Hunter 

• Y-12 National Security Complex 
– BoroBond shielding materials 
– K. H. Reynolds 
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Development: 
Fixed Source Multi-
group Sensitivity and 
Uncertainty Analysis 
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Outline 

• Motivation 
• Background and the path forward 
• Progress on MAVRIC S/U development 

– Adjoint Monaco 
– Analogous implementation of CADIS for adjoint 

Monte Carlo calculations 
• Future work (FY 2012 and 2013) 
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Motivation 

• Desire to perform S/U analysis for fixed source 
calculations in the same manner that SCALE 
can for eigenvalue calculations (TSUNAMI) 
– SILENE benchmark 
– Other benchmarks currently in the CEdT process 
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Background (1) 
• TSUNAMI can… 

– Produce sensitivity of neutron multiplication, keff, and reactivity to 
neutron cross section data 

– Compute uncertainty in responses due to uncertainties tabulated 
in cross section covariance data 

– Use S/U data in code validation for system-to-system similarity 
quantification, bias assessment, and gap analysis 

• This can all be done in 1-D with XSDRN and 3-D with 
KENO 

• The TSUNAMI tools need a transport solver to provide 
forward and adjoint flux moments and uses a numerical 
differentiation algorithm to calculate sensitivity 
coefficients 
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Background (2) 

• MAVRIC can… 
– Use multiple complex fixed sources entered by the user and/or 

calculated by KENO to calculate any number of detector responses, 
region tallies, point detectors, or mesh tallies (arrays of region 
tallies) 

– Provide a biased source and importance map to optimize the Monte 
Carlo simulation of a single detector response (CADIS) or multiple 
detector responses (FW-CADIS) 

• MAVRIC applies the multi-group fixed-source Monte Carlo 
code Monaco and uses the 3-D SN Denovo to produce 
particle importances (adjoint flux) to bias the forward Monte 
Carlo transport simulation 



6 Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Technical Seminar 2012 March 13, 2012 

Path forward 
• In order to use the S/U tools already included in SCALE a code 

must provide multi-group forward and adjoint flux moments tallied 
on a spatial grid 

• Monaco has always been able to tally multi-group forward scalar 
flux on a mesh tally 

• MAVRIC provides the biasing parameters so Monaco can perform 
Monte Carlo simulations for complex and/or deep penetration 
shielding problems 

• In order to create a SCALE MAVRIC S/U sequence 
– Monaco must be modified to perform adjoint transport calculations 
– Monaco mesh tallies must be modified to tally flux moments 
– The MAVRIC sequence must be modified to provide the capability analogous 

to CADIS and FW-CADIS for adjoint Monte Carlo calculations 
– All of this requires modification to the user input file and SCALE manual, and 

needs to be accompanied by some training materials and test problems 
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MAVRIC S/U development progress (1) 

• Monaco has been modified to perform adjoint neutron 
transport calculations 

Forward Cross Sections, Water, 3 Neutron Groups 
 
 mixture id =          1          mixture index =     1     mixture number 1 
   
                    neutron cross sections 
     
 group     sigt        sigs        siga        sum         signu       chi 
     1  2.37552E-01 9.98258E-01 1.74004E-03 9.99998E-01 0.00000E+00 0.00000E+00 
     2  6.68495E-01 9.99868E-01 1.32083E-04 1.00000E+00 0.00000E+00 0.00000E+00 
     3  2.88633E+00 9.95338E-01 4.66214E-03 1.00000E+00 0.00000E+00 0.00000E+00 
 

Adjoint Cross Sections, Water, 3 Neutron Groups 
 mixture id =          1          mixture index =     1     mixture number 1 
 
                    neutron cross sections 
 
 group     sigt        sigs        siga        sum         signu       chi 
     1  2.88633E+00 1.00696E+00 4.66214E-03 1.01162E+00 0.00000E+00 0.00000E+00 
     2  6.68495E-01 1.10743E+00 1.32083E-04 1.10756E+00 0.00000E+00 0.00000E+00 
     3  2.37552E-01 5.54405E-01 1.74004E-03 5.56145E-01 0.00000E+00 0.00000E+00 
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MAVRIC S/U development progress (2) 
• Simple adjoint test problem 

– Sphere of HEU that contains 2 smaller spheres of water 
– Lower water sphere contains evenly distributed forward neutron 

source 
– Therefore, the water lower sphere must be an adjoint region tally 
– Forward region tally in the upper water sphere and forward point 

detector tally 10 cm above HEU sphere 
– Therefore, the upper water sphere must be an adjoint distributed 

source and at the point detector location there must be an adjoint 
point source 
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MAVRIC S/U development progress (2) 
• Simple adjoint test problem 

– Sphere of HEU that contains 2 smaller spheres of water 
– Lower water sphere contains evenly distributed forward neutron 

source 
– Therefore, the water lower sphere must be an adjoint region tally 
– Forward region tally in the upper water sphere and forward point 

detector tally 10 cm above HEU sphere 
– Therefore, the upper water sphere must be an adjoint distributed 

source and at the point detector location there must be an adjoint 
point source 
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MAVRIC S/U development progress (2) 
• Simple adjoint test problem 

– The source and response functions were made up, so the units are 
completely arbitrary 

Response Mean Relative Error
Forwad Region Tally 1.1489E+05 0.00475
Adjoint Region Tally with Adjoint Distributed Source 1.1457E+05 0.00383
Forward Point Detector 1.0153E+05 0.00414
Adjoint Region Tally with Adjoint Point Source 1.0149E+05 0.00745
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MAVRIC S/U development progress (3) 
• More complex adjoint test 

problem using MAVRIC and 
methodology analogous to 
CADIS for adjoint Monte Carlo 
– Small cube of HEU contained in 

a larger cube of water 
– HEU contains evenly distributed 

forward neutron source 
– Therefore, the HEU cube must 

be an adjoint region tally 
– Forward region tally on the outer 

+x surface of the water cube 
– Therefore, the outer +x surface 

of the water cube must contain 
an adjoint distributed source Region Tally 
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MAVRIC S/U development progress (3) 
• Forward and adjoint importance maps 

HEU cube 

Adjoint region tally, high importance 

Forward region tally, high importance 
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MAVRIC S/U development progress (3) 
• More complex adjoint test problem 

Response Mean Relative Error FOM Speed Up
Forwad Semi-Analog 6.0248E-07 0.01727 1.29 1
Forward CADIS 6.2197E-07 0.00041 4938 3828
Adjoint Semi-Analog 6.1506E-07 0.01255 1.43 1
Adjoint CADIS 6.2115E-07 0.00206 445 311

• 235U watt fission spectrum, 
106 n/sec 

• Response is ANSI 1977 
flux-to-dose conversion 
factor 

• Response units of rem/hr 
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Future work (FY 2012 and 2013) 
• Modify Monaco mesh tallies to also calculate flux moments 
• Implement a methodology in MAVRIC that is analogous to 

FW-CADIS for adjoint Monte Carlo simulations 
• Finish modifying the MAVRIC and Monaco input files to 

handle these new capabilities and modify the SCALE manual 
to describe these new features 

• Ensure that MAVRIC S/U produces files in the correct format 
to use the existing TSUNAMI tools 

• Add a few problems to the SCALE regression test suite to 
continuously test these new features 

• Create some training materials to provide instruction about 
these new features 
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ICSBEP Sensitivity Data 
• Over 4000 experiments in ICSBEP 
• Under DOE and NRC support, ORNL provides 

quality-assured SCALE inputs and sensitivity 
data files for distribution with the ICSBEP 

• Files are developed according the SCALE 
procedure for Verified, Archived Library of 
Inputs and Data (VALID) 
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Verified, Archived Library of Inputs and 
Data (VALID) 
• SCALE procedure for preparing, peer-reviewing, and 

controlling models and data files 
• Ensure the models and data are correctly generated 

using appropriate references with documented checks 
and peer reviews 

• Configuration control  to prevent inadvertent 
modification of the models and data or inclusion of 
models that have not gone through rigorous checks and 
review 

• Models developed from evaluation using benchmark 
definitions 
– No direct comparison to sample inputs provided by 

evaluators 
• SCALE KENO-V.a or KENO-VI models 

– Multigroup – 238-group ENDF/B-VII.0 
– All parameters for verified sensitivity data included in 

TSUNAMI-3D input files 
– Continuous-energy mode models created by user 
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 HEU-MET-FAST  
◦ 33 cases 

 HEU-SOL-THERM  
◦ 52 cases 

 IEU-MET-FAST  
◦ 10 cases 

 LEU-COMP-THERM  
◦ 56 cases 

 LEU-SOL-THERM  
◦ 19 cases 

 MIX-COMP-FAST  
◦ 1 case 

 MIX-COMP-THERM  
◦ 21 cases 

 

 
 PU-MET-FAST  
◦ 10 cases 

 PU-SOL-THERM  
◦ 62 cases 

 U233-COMP-THERM  
◦ 3 cases 

 U233-MET-FAST  
◦ 8 cases 

 U233-SOL-INTER  
◦ 29 cases 

 U233-SOL-MIXED  
◦ 8 cases 

 U233-SOL-THERM  
◦ 182 cases 

2010 ICSBEP TSUNAMI Sensitivity 
Data:  494 Benchmarks* 

*255 from VALID 
  249 from ORNL/TM-2008-196 
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Data on ICSBEP Distribution 
• VALID SCALE input files for KENO and TSUNAMI 

– Dice/data/ornl/inputs  

• Energy-dependent, nuclide-reaction specific sensitivity data 
files (SDF) 
– Dice/data/ornl/TSUNAMI-1D  
– Dice/data/ornl/TSUNAMI-3D  
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Criticality Safety Validation of SCALE 6.1 
• Under NCSP support, a validation document 

was developed for SCALE 6.1 

• Used all ICSBEP cases currently in VALID 

• SCALE 6.1  
– KENO V.a 
– KENO-VI 

• ENDF/B-VII.0 
– Continuous energy 
– Multigroup 

• Sensitivity and uncertainty data 

• Outlier cases carefully examined to identify 
areas for improvement 
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VALID cases used for this study 
Sequence Experiment class IHECSBE case numbers Number of configurations 

CSAS5/KENO V.a 

HEU-MET-FAST 15, 16, 17, 18, 19, 20, 21, 25, 30, 
38, 40, 65 18/22a 

HEU-SOL-THERM 1, 13, 14, 16, 28, 29, 30 52 
IEU-MET-FAST 2, 3, 4, 5, 6, 7, 8, 9 8/11a 
LEU-COMP-THERM 1, 2, 10, 17, 42, 50 97 
LEU-SOL-THERM 2, 3, 4 19 
MIX-COMP-THERM 1, 2, 4 21 
PU-MET-FAST 1, 2, 5, 6, 8, 10, 18, 22, 23, 24 10 
PU-SOL-THERM 1, 2, 3, 4, 5, 6, 7, 11, 20 81 

CSAS6/KENO-VI 
HEU-MET-FAST 5, 8, 9, 10, 11, 13, 24, 80 15 
IEU-MET-FAST 19 2 
MIX-COMP-THERM 8 28 

aThe larger number includes simplified cases that are duplicate cases for which detailed models are also available in the library. 
 

• 313 KENO V.a cases 
• 45 KENO-VI cases 
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General Results 

KENO V.a KENO-VI 

• Generally acceptable small biases are observed 
• Users can proceed with confidence under proper validation 

(e.g., ANS 8.24 guidance) 
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HST Systems 
• HST-014 and HST-016 cases contain varying concentrations of Gd 

0.985

0.990

0.995

1.000

1.005

1.010

1.015

1.020

1.025

1.030
C

/E

MG C/E CE C/E Exp. Unc. MG Cross Section Unc.

HST-014 and HST-016
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ICSBEP Results HST-016 
Similar trends observed with  
other codes and data 

• Trend in results could 
be due to experiment 
description, not in 
models, codes or 
data 
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S/U Analysis of HST-016 
• HST-016 case 3 

– Bias is approximately 2.5% Δk 
– 157Gd integral sensitivity is 

~0.156 (%Δk/k)/(Δσ/σ).  
– Gadolinium cross section would 

have to be in error by a factor 
of 16 to explain the observed 
bias.  

– Uncertainty in the 157Gd cross 
section is less than 5% in the 
energy range where the vast 
majority of the 157Gd sensitivity 
lies.  

– Discrepant results most likely 
due to errors in experiment 
descriptions 

Sensitivity 

Cross-section 
uncertainty 
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IMF Systems 
• Good agreement except for IMF-005 
• IMF-005 detailed and simplified model show similar results 

IMF-005 
U(36) with steel reflector 



13 Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Seminar – March 2012 

Uncertainty in keff due to covariance data 
 

IMF-003 IMF-005 

• Comparing IMF-005 to similar IMF-003, uncertainties are driven 
by 235U fission and capture and 238U scattering 

• Limited sensitivity/uncertainty due to steel 
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Sensitivity data 

• 235U sensitivities are 
nearly identical 
between the two 
systems 

• 238U sensitivities vary 
• Differences between 

CE and MG are likely 
due to processing 
differences in libraries 
for 238U scattering 
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PMF Systems 
• Good agreement except for PMF-005 with W reflector 
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PMF-005 Uncertainties 

• System is sensitive to 
239Pu and W 

• Other 239Pu systems do 
not show a similar bias 

• W is likely source of bias 
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W Sensitivities and Uncertainty 

• W isotopes have 
high uncertainty at 
same energy as 
sensitivity in PMF-
005 Sensitivity 

Cross-section Uncertainty 
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Improved results 

• After release of 
SCALE 6.1, 
improvements were 
made in W 
processing for CE 
data, resulting in 
improved 
agreement 

• Improved data will 
be available in next 
SCALE release 
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MIXED-COMP-THERM 
• MCT-004 is water-

moderated lattice 
• Varying pitch 

– 1.825 cm for case 1  
– 2.474 for case 11  

• Performed over 
significant time scale 
such that 241Pu transition 
to 241Am must be 
modeled 

• CE to MG differences 
– 0.28 %Δk for case 1 
– 0.09 %Δk for case 11  
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239Pu, 241Pu, 241Am 

• 241Am sensitivity is insignificant and not likely source of bias 

241Am 

241Pu 

239Pu 
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1H and 240Pu 

• Impact of 1H in H2O S(α,β) is important for 1 eV resonance of 240Pu 

1H 

240Pu 
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Improved results with 
post SCALE 6.1 CE data 

• CE data generation 
in AMPX was 
improved to more 
accurately preserve 
strongly peaked 
kinematics data 

• Improved data will 
be available with 
next SCALE 
release 



23 Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Seminar – March 2012 

Conclusions 

• SCALE 6.1 has been validated with ~300 ICSBEP benchmark models 
that were generated under the SCALE/VALID procedure 

• Sensitivity and uncertainty data were generated for each model 
• Overall, low bias results were obtained for a wide range of systems, 

with results generally with 1 σ  or less of the cross section uncertainty 
• Specific outliers were subjected to further investigation using 

sensitivity and uncertainty analysis methods 
• Several improvements were made to the CE data generation 

procedures in AMPX to correct some outlier cases 
• Investigations into MG data processing are continuing 
• Updated testing and validation strategies will continue to improve the 

performance of SCALE using AMPX data 
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Legacy SCALE 
• 89 executable modules that communicate through file I/O 

– More than a dozen data file formats 
– Internal scratch files 

• Many features were initiated over 40 years ago (e.g. KENO) with other key 
capabilities introduced over past 20 years 
– Reliable, tried and true, but in need of review 

• No parallel calculations, only serial (by design) 
• Only capable of compiling with the Intel compilers (~$1000/license) 
• 500K lines of Fortran code that is primarily tested with “sample” problems, not 

modern units tests 
• Lots of duplicated code where a component is copied by a developer, slightly 

modified, and given a new purpose.  Easy to get features out of phase with 
each other. 

• Restrictive data file formats that are coded into each module, complicating 
introduction of new features 

• “Code managers” given broad tasks that are loosely coordinated 
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Drive for Modernization 
• Need to keep pace with evolving computer platforms and provide 

increased solution fidelity in reasonable wall-clock time through 
parallel computing 

• Coordination of SCALE maintenance support (NCSP and others) 
and targeted development from many sponsors (NRC, DOE, 
DHS, etc) to provide best product for all users 

• Legacy framework makes it increasingly difficult to integrate new 
features without breaking existing features 

• Minimize duplication of effort 
• Tight integration with other projects such as CASL 

– Provide great opportunities for feature enhancements, but place external 
expectations on software lifecycle 

• Provide development environment suitable for a large team of 
next-generation developers 
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SCALE Modernization 
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Quality Assurance Program 

• Quality is a top priority, and an extensive quality 
program is used to govern the development and 
deployment process. 

• Quality Plan 
– New SCALE QA plan was developed for compliance with: 
– ISO 9001 
– DOE 414.1C 
– NQA-1 
– ORNL Standards-Based Management System (SBMS) 

• Enables “Agile” software development process 
following Kanban product lifecycle 

• Plan to integrate AMPX under SCALE QA 
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SCALE Leadership Team 

• John Wagner 
Design, Safety and Simulation 

Integration Manager 

• Brad Rearden 
SCALE Project Leader 

• Mike Dunn  
Nuclear Data and Criticality Safety Group 

Leader 

• Bob Grove  
Radiation Transport Group Leader 

• Steve Bowman  
Reactor Physics Group Leader 

• Mark Williams  
Scale Computational Methods Lead 

• Coordinates overall vision for 
SCALE 

• Sets priorities and reviews 
progress 

• Meets weekly to maintain close 
coordination 
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SCALE Teams 

SCALE 
Modernization 

Development Team 

SCALE Reactor 
Physics 

Development Team 

Monte Carlo 
Transport 

Development Team 

Deterministic 
Transport 

Development Team 

SCALE Sensitivity 
and Uncertainty 

Development Team 

SCALE Infrastructure 
Development Team 

SCALE-AMPX 
Nuclear Data 

Development Team 

SCALE User 
Interface 

Development Team 

SCALE Geometry 
Development Team 

SCALE Reactor 
Physics Applications 

Team 

SCALE Criticality 
Safety Applications 

Team 

Radiation Transport 
Applications Team 
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Developer Communication 

• Team meetings 
• Frequent project meetings 
• Development sprints 
• Wiki pages 
• Friday Developers Forum 
• War Room 
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Build System 

 
 
• Same code and build system used on all platforms, Linux, 

Mac, Windows 
• Supported platforms with pre-compiled binaries available on 

installation 
– Linux 32- and 64-bit 
– Mac 32- and 64-bit 
– Windows 32- and 64-bit 
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FogBugz 
• Track QA feature development 
• Helpline tickets and email 
• Monitor changes to code 

repository 
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Test Harness and Dashboard 
• After every update, SCALE is automatically built and tested 

to ensure functionality of all tested features 
– ~500 test cases (still need more) 
– Linux, Mac, Windows 
– Intel and GNU compilers 
– Release and Debug mode 
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Preservation of Current Capabilities 
• Perform extended validation testing (see previous talk) 
• Target areas for incremental improvement 
• Develop verification regression tests to ensure needed 

features continue to perform as expected 
• Remove seldom used features to reduce maintenance costs 

– ENDF/B-V, ENDF/B-VI data 
– QADS, PICTURE, MARSLIB, QADSCGGP 
– SMORES 
– NITAWL, NITAWLST 

• Consolidate features to reduce maintenance cost 
– KENO V.a, KENO-VI, Monaco 
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SCALE 7 Framework 

• Object-oriented C++ framework 
• Allows multiple levels of parallel implementation 
• Easy to implement modern development practices like unit 

tests, test-driven development, and Design by Contract 
• Extensible base components 

– Centralized input processor “Fulcrum” 
– Modules for functionality 
– Resources for data  
– Reporter for output 
– Parallel driver and distributor 

• Templates for binding Fortran and C++ 
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Denovo is a new, modern SN RT code that takes 
advantage of decades of research/experience 

• Originally developed to support 
hybrid methods, but has expanded 
well beyond that 

• State of the art transport methods 
– 3D/2D, non-uniform, regular grid SN 

– 2D MoC Solver  

– Multi-group energy, anisotropic PN scattering 

– Forward/Adjoint 

– Fixed-source/k-eigenvalue 

– 6 spatial discretization algorithms 

– Parallel first-collision 

– Multiple quadratures 

• Modern, Innovative, High-
Performance Solvers 

Power distribution in a 
BWR assembly0 

Tally 
region in  
forward 

problem 

forward 
source  
region 

Denovo provides adjoint 
data used to generate 

consistent mesh-based 
weight windows & source 

biasing parameters for 
accelerating MC 

calculations. 

adjoint currents 
show preference 

from source to 
tally region 
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Denovo is being used to solve enormous 
problems of national interest 
Postulated nuclear detonation in Manhattan, NY 
• Num cells:   224,438,368 
• Num angles:  288 
• Num groups:  46 
• Num moments:  16 

 
• Num Unknowns in State: 1.36459e+11 
• Memory of State (GB):  1.27087e+02 
• Solved unknowns:  3.93001e+13 
• Cores:   10080 
• Wall-clock time (min):  1.79583e+01 
• CPU-HOURS:  3.01700e+03 

 
• Setup  time (min):  1.15526e+00 
• Ray-tracing (min):  4.08660e-02 
• Solver time (min):  1.38992e+01 
• Output time (min):  2.90386e+00 

Prompt neutron dose per neutron 

> 224M spatial cells, 46 neutron groups, P3 Scattering, S16 angular quadrature,  
      full-field solution in < 18 minutes with 10,080 cores on JAGUAR (3,017 CPU-Hrs)  
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XSProc 
• First SCALE 7 tools for multigroup resonance self-shielding 

modules collectively known as XSProc 
– Fulcrum 
– “Cell” class 
– BONAMI 
– XSDRNPM  
– MixMacro 
– Dancoff 

• OpenMP 
• MPI 
• Integrated with CASL neutronics 
• May provide self-shielding for SCALE 6.2 

Time to Process Cross Sections for 102 Pin Cells  
on 8-Core Workstation 
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SCALE Cross Section Data Resource 

Accomplishments 

 A unified nuclear cross section data 
Resource was developed for integration 
throughout SCALE and AMPX 

 Objective: Remove restrictions on M&S 
capabilities that are imposed by archaic 
40-year old binary data format that is used 
in more than 100 computational modules 

 Resource was implemented in key codes in SCALE to remove 
restrictions on number of materials and number of energy 
groups that were imposed by the previous file format that pre-
dated the existence of SCALE. 

 Materials limit 2147  new: 2,147,483,648 

 Energy groups limit 999  new: 2,147,483,648 

 Modern, dynamic, tested, object-oriented Resource was 
created to provide cross section data to any computational 
code in c, c++, or Fortran. 

 Any new data features can be implemented in the centralized 
Resource for immediate availability to all Resource-enabled 
codes (e.g. subgroup parameters) 

 

 Enables virtually unlimited materials 
and energy groups in SCALE 
calculations 

 Enables dynamic updating of cross 
section data for future needs 

Impact 
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New Domain-Decomposition Monte Carlo 
Code, Shift, Under Development 
• Designed from outset for use on massively 

parallel platforms 
– Domain replication and domain decomposition 

– Parallel scaling studies on-going 

• SCALE geometry (KENO-VI) 

• Implementing hybrid methods  
(Shift + Denovo in common code base) 

• Approaches for efficient variance estimation 
– Evaluating batches vs. neglecting variance 

contributions from particles that leave domains 

• Implementing continuous energy physics 

• Implemented Shannon Entropy 

• Testing, verification and validation 
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Shift Features and Wish List 

Development Features 
• P0 multigroup physics using SCALE MG 

cross-sections 
• Python scripts written by developers drive 

code input 
• No output file, only binary data files 
• Developed for reactor physics 
• KENO-VI geometry 
• Advanced multi-set overlapping-region 

domain-decomposition parallel capabilities 
• FW-CADIS and advanced source 

convergence features (in progress) 
• Advanced S/U methods (PhD dissertation) 
• MCNP geometry (in progress) 
• MCNP physics and data (in progress) 

Needed Features 
• User input 
• User output 
• SCALE CE physics 
• SCALE MG physics 
• KENO V.a geometry 
• Criticality safety features like keff 

matrix edits 
• Production S/U features in 

multigroup and continuous-
energy 

• Graphical user interface 
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Modernization To-Do List 
• Targeted improvements realized though extended validation 
• Continue to improve verification test coverage to include all 

SCALE features 
• Integrate all cross section capabilities into XSProc 

– CENTRM Continuous-energy treatment 
– Double heterogeneity 
– 2D methods (not mentioned in this talk) 

• Update Shift to include features of KENO, Monaco, and 
TSUNAMI-3D 

• Integrate all code into SCALE 7 Framework for efficient parallel 
operation 

• Release available features in SCALE 6.2 
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•  CSG-TM-016 
  Introductory COG criticality safety user practical training 

  Updated to include SUSE LINUX 9.3 (LLNL) results 
  Course taught at NNSS for NSTec/OMICRON 

  Course taught at AWE 
 
•  New operating systems 

  HP/Itanium for Y-12 users 
  SUSE LINUX 9.3 for AWE users 
 
•  ICNC 2011 
  Presented LLNL-CONF-42113, COG11 – Available Now to 

Criticality Safety Practitioners  
 
 



What’s next? 
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•  PREPRO 
 Cross-section testing 
 PREPRO versus SAMMY 
 PREPRO versus NJOY 
 PREPRO ENDF/B-VII.1 versus ENDF/B-VII.0 

 
•  COG 

 COG11.1 version release 
 CSG-TM-016.1 advanced COG criticality safety user training  
 ENDFB7R1 (ENDF/B-VII.1 using PREPRO) (complete) 
 MCNP.71c (ENDF/B-VII.1 using NJOY for MCNP) 
 Delayed fission gammas (including new Pu data from ENDF/B-VII.1)  
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Monte Carlo Codes
XCP-3, LANL

MCNP Monte Carlo Progress  
- 

Nuclear Criticality Safety"

Forrest Brown  &  Brian Kiedrowski"
Monte Carlo Codes, XCP-3"

Los Alamos National Laboratory"

Nuclear Criticality Safety Program"

LA-UR-12-01102"DOE Nuclear Criticality Safety Program"
Technical Seminar at ORNL, 13-14 March 2012"
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Monte Carlo Codes
XCP-3, LANLAbstract"

MCNP Monte Carlo Progress – Nuclear Criticality Safety"

Forrest Brown  &  Brian Kiedrowski,   XCP-3, LANL"

!This presentation covers recent progress in development and support of the MCNP Monte 
Carlo code during FY 2011 and early FY 2012. Activities and accomplishments are 
summarized in six major areas:!

•  MCNP5-1.60!

•  MCNP6-Beta-2!

•  Verification / Validation!

•  User support & training !

•  Work in progress!

•  Future release plans!
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Monte Carlo Codes
XCP-3, LANLMCNP Progress"

US DOE/NNSA Nuclear Criticality Safety Program –"

"What have we done for you lately ?"

–  MCNP5-1.60"

–  MCNP6-Beta-2"

–  Verification / Validation"

–  User Support & Training"

–  Work in Progress"

–  Future Release Plans"
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Monte Carlo Codes
XCP-3, LANL

MCNP5-1.60"
&"

MCNP6-Beta-2"
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Monte Carlo Codes
XCP-3, LANLMCNP5-1.60   Status"

•  MCNP5-1.60 Code Release"

–  RSICC releases: "  October 2010,   July 2011,   February 2012"
11,586 copies of MCNP distributed by RSICC,   2001 - 2011"

–  Stable,   solid,   maintenance mode,   few bug reports"
–  Workhorse for most MCNP users"
–  Parallel  MPI+threads  on all computers"

•  Recent Features"

–  Adjoint-weighted Tallies for Point Kinetics Parameters"
–  Mesh Tallies for Isotopic Reaction Rates"
–  Increased Limits for Geometry, Tally, and Source Specifications"
–  Web-based documentation"
–  Utility programs"
–  Additional V&V suites"
–  Most rigorous & extensive MCNP V&V testing ever"
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Monte Carlo Codes
XCP-3, LANLMCNP6-Beta-2"

•  MCNP6-Beta-2 release package now being distributed by RSICC"

!MCNP5-1.60    +    MCNPX-2.70    +    Nuclear Data Libraries"
           +    MCNP Reference Collection"
           +    MCNP6-Beta-2"

•  MCNP5 & MCNPX are now frozen – future development will occur in MCNP6"

Support from DOE/NNSA, DOE, DoD,!
DRTA, DHS/DNDO, NASA, & others!
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Monte Carlo Codes
XCP-3, LANLMCNP5  vs  MCNP6"

mcnp5"
neutrons, photons, electrons"
cross-section library physics"

criticality features"
shielding, dose"

“low energy” physics"
V&V history"

documentation"

mcnp6"
mcnpx"

33 other particle types"
heavy ions"

CINDER depletion/burnup"
delayed particles"

Partisn mesh geometry"
Abaqus unstructured mesh"

mcnp6"
protons, proton radiography"
high energy physics models"

magnetic fields"

mcnp5 – 100 K lines of code"
mcnp6 – 400 K lines of code"

Continuous Testing System"
~10,000 test problems / day"

High energy physics models"
CEM, LAQGSM, LAHET"

MARS, HETC "
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Monte Carlo Codes
XCP-3, LANLMCNP6-Beta-2"

MCNP6 – all particles & all energies, using best data + models + theory"

•  Recent physics improvements:"
–  Photon induced fission multiplicity"
–  Characteristic muonic X-rays"
–  Exact delayed gamma emissions"
–  Visible light "
–  Improved photoatomic form factors"
–  Upgrades to CEM & LAQGSM 3.03"
–  GEF photofission yield"

•  Incorporates other codes:"
–  CINDER "burnup & decay "LANL"
–  ITS "electron transport "SNL"
–  LAHET "high energy transport "LANL"
–  CEM "high energy transport "LANL"
–  LAQGSM "high energy transport "LANL"
–  MARS "high energy transport "FNAL"
–  HETC "high energy transport "ORNL"
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Monte Carlo Codes
XCP-3, LANL

Verification"
&"

Validation"
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Monte Carlo Codes
XCP-3, LANLVerification / Validation Suites"

•  MCNP V&V Suites"
–  VALIDATION_CRITICALITY !31   ICSBEP experiment benchmarks!
–  VALIDATION_CRIT_EXPANDED !119 ICSBEP experiments!
–  CRIT_LANL_SBCS ! !194 ICSBEP experiments, from LANL crit-safety group!
–  VERIFICATION_KEFF ! !75  analytic benchmarks, exact solutions!
–  VALIDATION_ROSSI_ALPHA "Rossi  alpha  vs experiment!
–  VALIDATION_ACODE " "static-alpha eigenvalue benchmarks!
–  POINT_KINETICS ! !reactor kinetics parameters!
–  KOBAYASHI! ! !void & duct streaming, with point detectors, exact solutions!
–  VALIDATION_SHIELDING !19  shielding/dose experiments!
–  REGRESSION ! !66  code test problems!     !
–  many others for MCNP6 ! !electrons,  protons,  muons,  high-energy physics,  

! ! ! !delayed particles,   magnetic fields,  point detectors,  
! ! ! !MCNP6/Partisn weight window generator,   
! ! ! !unstructured mesh & ABAQUS linkage,   photons,   
! ! ! !pulse height tallies,  string theory models!

•  Focus"
–  Physics-based V&V,  compare to experiment or exact analytic results!
–  Part of MCNP permanent code repository & RSICC distribution!
–  Automated,  easy execution  &  comparison to experiments!
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Monte Carlo Codes
XCP-3, LANLCurrent V&V Work"

 " "MCNP5-1.51 "– 2008"
 " "MCNP5-1.60 "– 2010"
 " "MCNP6-Beta-2"– 2012"

•  For a given Criticality V&V Suite:"

1.  Compare MCNP versions using:!
•  ENDF/B-VII.0 data  +   Intel-10.1 Fortran-90!

2.  Compare F90 compilers using:!
•  MCNP  +  ENDF/B-VII.0 data !

3.  Compare ENDF/B-VII.0 vs ENDF/B-VII.1 data using:!
•  MCNP  +  Intel-11.1 F90!
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Monte Carlo Codes
XCP-3, LANLVALIDATION_CRITICALITY  Suite – Codes & Compilers"

"31   ICSBEP experiment benchmarks,    ENDF/B-VII.0 nuclear data"

•  MCNP5-1.51,   MCNP5-1.60,   MCNP6-Beta-2"
–  Intel-10.1 Fortran-90 compiler for all 3: ! !All results match exactly"

•  MCNP5-1.60,   MCNP6-Beta-2"
–  Intel 10.1 F90 for both: ! ! !All results match exactly"
–  Intel 11.1 F90 for both: ! ! !All results match exactly"
–  Intel 12.0 F90 for both: ! ! !All results match exactly"
–  Intel   11.1  vs  12.0  F90 for both: ! !All results match exactly!

–  Intel   10.1  vs  11.1/12.0  F90 for both: !
•  For  27 problems,   results match exactly"
•  For    4 problems,   results differ due to roundoff, match within statistics"

•  Conclusions"
–  Using the same F90 compiler,   

MCNP5-1.51,  MCNP5-1.60,  MCNP6-Beta-2  all match results exactly"

–  Switching from Intel-10 to Intel-11/12 introduces some small computer 
roundoff differences – compiler issue,   not code or results"
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Monte Carlo Codes
XCP-3, LANLVALIDATION_CRITICALITY – MCNP Versions – Results"

Intel-10.1 + ENDF/B-VII.0 ! Benchmark      mcnp5_1.51    mcnp5_1.60     mcnp6_beta2!
        ! !           keff   std     keff   std    keff   std     keff   std!
 U233 Benchmarks !JEZ233      1.0000 (10)     0.9989 ( 5)     0.9989 ( 5)     0.9989 ( 5)   !

! !     !FLAT23      1.0000 (14)     0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)   !
! !     !UMF5C2      1.0000 (30)     0.9931 ( 5)**   0.9931 ( 5)**   0.9931 ( 5)** !

 ! ! !FLSTF1      1.0000 (83)     0.9830 (11)**   0.9830 (11)**   0.9830 (11)** !
! !     !SB25        1.0000 (23)     1.0053 (10)**   1.0053 (10)**   1.0053 (10)** !

     ! !ORNL11      1.0006 (28)     1.0018 ( 4)     1.0018 ( 4)     1.0018 ( 4)   !
 HEU Benchmarks !GODIVA      1.0000 (10)     0.9995 ( 5)     0.9995 ( 5)     0.9995 ( 5)   !
     ! !TT2C11      1.0000 (38)     1.0018 ( 8)     1.0018 ( 8)     1.0018 ( 8)   !
     ! !FLAT25      1.0000 (30)     1.0034 ( 7)*    1.0034 ( 7)*    1.0034 ( 7)*  !
     ! !GODIVR      0.9985 (11)     0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)   !
     ! !UH3C6       1.0000 (47)     0.9950 ( 8)*    0.9950 ( 8)*    0.9950 ( 8)*  !
     ! !ZEUS2       0.9997 ( 8)     0.9974 ( 7)**   0.9974 ( 7)**   0.9974 ( 7)** !
     ! !SB5RN3      1.0015 (28)     0.9985 (13)     0.9985 (13)     0.9985 (13)   !
     ! !ORNL10      1.0015 (26)     0.9993 ( 4)     0.9993 ( 4)     0.9993 ( 4)   !
 IEU Benchmarks !IMF03       1.0000 (17)     1.0029 ( 5)*    1.0029 ( 5)*    1.0029 ( 5)*  !
     ! !BIGTEN      0.9948 (13)     0.9945 ( 5)     0.9945 ( 5)     0.9945 ( 5)   !
     ! !IMF04       1.0000 (30)     1.0067 ( 5)**   1.0067 ( 5)**   1.0067 ( 5)** !
     ! !ZEBR8H      1.0300 (25)     1.0195 ( 5)***  1.0195 ( 5)***  1.0195 ( 5)***!
     ! !ICT2C3      1.0017 (44)     1.0037 ( 7)     1.0037 ( 7)     1.0037 ( 7)   !
     ! !STACY36     0.9988 (13)     0.9994 ( 5)     0.9994 ( 5)     0.9994 ( 5)   !
 LEU Benchmarks !BAWXI2      1.0007 (11)     1.0013 ( 7)     1.0013 ( 7)     1.0013 ( 7)   !
     ! !LST2C2      1.0024 (37)     0.9940 ( 5)**   0.9940 ( 5)**   0.9940 ( 5)** !
 Pu Benchmarks !JEZPU       1.0000 (20)     1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)   !
     ! !JEZ240      1.0000 (20)     1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)   !
     ! !PUBTNS      1.0000 (30)     0.9996 ( 5)     0.9996 ( 5)     0.9996 ( 5)   !
     ! !FLATPU      1.0000 (30)     1.0005 ( 7)     1.0005 ( 7)     1.0005 ( 7)   !
     ! !THOR        1.0000 ( 5)     0.9980 ( 7)**   0.9980 ( 7)**   0.9980 ( 7)** !
     ! !PUSH2O      1.0000 (10)     1.0012 ( 7)     1.0012 ( 7)     1.0012 ( 7)   !
     ! !HISHPG      1.0000(110)     1.0122 ( 5)*    1.0122 ( 5)*    1.0122 ( 5)*  !
     ! !PNL2        1.0000 (65)     1.0046 ( 9)     1.0046 ( 9)     1.0046 ( 9)   !
     ! !PNL33       1.0024 (21)     1.0065 ( 7)*    1.0065 ( 7)*    1.0065 ( 7)*  !
 ! ! ! ! Wall-clock:    36.4 min      34.7 min       41.0 min!
 ! ! ! ! Rel. Speed:     1.00          1.05           0.89 !
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Monte Carlo Codes
XCP-3, LANLVALIDATION_CRITICALITY – MCNP Versions – Differences"

Intel-10.1 + ENDF/B-VII.0 ! Benchmark      mcnp5_1.51    mcnp5_1.60     mcnp6_beta2!
        ! !           deltak std     keff   std    deltak std     deltak std!
 U233 Benchmarks !JEZ233      0.0011 (11)     0.9989 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLAT23      0.0010 (15)     0.9990 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !UMF5C2      0.0069 (30)**   0.9931 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLSTF1      0.0170 (83)**   0.9830 (11)     0.0000 (15)     0.0000 (15)   !
     ! !SB25       -0.0053 (26)**   1.0053 (10)     0.0000 (14)     0.0000 (14)   !
     ! !ORNL11     -0.0012 (29)     1.0018 ( 4)     0.0000 ( 5)     0.0000 ( 5)   !
 HEU Benchmarks !GODIVA      0.0005 (11)     0.9995 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !TT2C11     -0.0018 (38)     1.0018 ( 8)     0.0000 (11)     0.0000 (11)   !
     ! !FLAT25     -0.0034 (30)*    1.0034 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !GODIVR     -0.0005 (13)     0.9990 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !UH3C6       0.0050 (47)*    0.9950 ( 8)     0.0000 (11)     0.0000 (11)   !
     ! !ZEUS2       0.0023 (10)**   0.9974 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !SB5RN3      0.0030 (30)     0.9985 (13)     0.0000 (18)     0.0000 (18)   !
     ! !ORNL10      0.0022 (26)     0.9993 ( 4)     0.0000 ( 5)     0.0000 ( 5)   !
 IEU Benchmarks !IMF03      -0.0029 (18)*    1.0029 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !BIGTEN      0.0003 (13)     0.9945 ( 5)     0.0000 ( 7)     0.0000 ( 7)   !
     ! !IMF04      -0.0067 (30)**   1.0067 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !ZEBR8H      0.0105 (25)***  1.0195 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !ICT2C3     -0.0020 (44)     1.0037 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !STACY36    -0.0006 (14)     0.9994 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
 LEU Benchmarks !BAWXI2     -0.0006 (13)     1.0013 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !LST2C2      0.0084 (37)**   0.9940 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
 Pu Benchmarks !JEZPU      -0.0002 (20)     1.0002 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !JEZ240     -0.0002 (20)     1.0002 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !PUBTNS      0.0004 (30)     0.9996 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLATPU     -0.0005 (30)     1.0005 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !THOR        0.0020 ( 9)**   0.9980 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !PUSH2O     -0.0012 (12)     1.0012 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !HISHPG     -0.0122(110)*    1.0122 ( 5)     0.0000 ( 7)     0.0000 ( 7)   !
     ! !PNL2       -0.0046 (65)     1.0046 ( 9)     0.0000 (12)     0.0000 (12)   !
     ! !PNL33      -0.0041 (22)*    1.0065 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
 ! ! ! ! Wall-clock:    36.4 min      34.7 min       41.0 min!
 ! ! ! ! Rel. Speed:     1.00          1.05           0.89 !
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Monte Carlo Codes
XCP-3, LANLVALIDATION_CRITICALITY – F90 Compilers – Results"

mcnp5-1.60 + ENDF/B-VII.0 ! mcnp5+Int-10   mcnp5_Int-11  mcnp5_Int-12   mcnp6b2_Int-12!
        ! !           keff   std     keff   std    keff   std     keff   std!
 U233 Benchmarks !JEZ233      0.9989 ( 5)     0.9989 ( 5)     0.9989 ( 5)     0.9989 ( 5)   !
     ! !FLAT23      0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)   !
     ! !UMF5C2      0.9931 ( 5)     0.9931 ( 5)     0.9931 ( 5)     0.9931 ( 5)   !
     ! !FLSTF1      0.9830 (11)     0.9830 (11)     0.9830 (11)     0.9830 (11)   !
     ! !SB25        1.0053 (10)     1.0053 (10)     1.0053 (10)     1.0053 (10)   !
     ! !ORNL11      1.0018 ( 4)     1.0018 ( 4)     1.0018 ( 4)     1.0018 ( 4)   !
 HEU Benchmarks !GODIVA      0.9995 ( 5)     0.9995 ( 5)     0.9995 ( 5)     0.9995 ( 5)   !
     ! !TT2C11      1.0018 ( 8)     1.0008 ( 7)     1.0008 ( 7)     1.0008 ( 7)   !
     ! !FLAT25      1.0034 ( 7)     1.0034 ( 7)     1.0034 ( 7)     1.0034 ( 7)   !
     ! !GODIVR      0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)     0.9990 ( 7)   !
     ! !UH3C6       0.9950 ( 8)     0.9950 ( 8)     0.9950 ( 8)     0.9950 ( 8)   !
     ! !ZEUS2       0.9974 ( 7)     0.9972 ( 7)     0.9972 ( 7)     0.9972 ( 7)   !
     ! !SB5RN3      0.9985 (13)     0.9985 (13)     0.9985 (13)     0.9985 (13)   !
     ! !ORNL10      0.9993 ( 4)     0.9993 ( 4)     0.9993 ( 4)     0.9993 ( 4)   !
 IEU Benchmarks !IMF03       1.0029 ( 5)     1.0029 ( 5)     1.0029 ( 5)     1.0029 ( 5)   !
     ! !BIGTEN      0.9945 ( 5)     0.9945 ( 5)     0.9945 ( 5)     0.9945 ( 5)   !
     ! !IMF04       1.0067 ( 5)     1.0067 ( 5)     1.0067 ( 5)     1.0067 ( 5)   !
     ! !ZEBR8H      1.0195 ( 5)     1.0196 ( 5)     1.0196 ( 5)     1.0196 ( 5)   !
     ! !ICT2C3      1.0037 ( 7)     1.0037 ( 7)     1.0037 ( 7)     1.0037 ( 7)   !
     ! !STACY36     0.9994 ( 5)     0.9994 ( 5)     0.9994 ( 5)     0.9994 ( 5)   !
 LEU Benchmarks !BAWXI2      1.0013 ( 7)     1.0013 ( 7)     1.0013 ( 7)     1.0013 ( 7)   !
     ! !LST2C2      0.9940 ( 5)     0.9940 ( 5)     0.9940 ( 5)     0.9940 ( 5)   !
 Pu Benchmarks !JEZPU       1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)   !
     ! !JEZ240      1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)     1.0002 ( 5)   !
     ! !PUBTNS      0.9996 ( 5)     0.9996 ( 5)     0.9996 ( 5)     0.9996 ( 5)   !
     ! !FLATPU      1.0005 ( 7)     1.0005 ( 7)     1.0005 ( 7)     1.0005 ( 7)   !
     ! !THOR        0.9980 ( 7)     0.9980 ( 7)     0.9980 ( 7)     0.9980 ( 7)   !
     ! !PUSH2O      1.0012 ( 7)     1.0012 ( 7)     1.0012 ( 7)     1.0012 ( 7)   !
     ! !HISHPG      1.0122 ( 5)     1.0118 ( 5)     1.0118 ( 5)     1.0118 ( 5)   !
     ! !PNL2        1.0046 ( 9)     1.0046 ( 9)     1.0046 ( 9)     1.0046 ( 9)   !
     ! !PNL33       1.0065 ( 7)     1.0065 ( 7)     1.0065 ( 7)     1.0065 ( 7)   !
 ! !Wall-clock:          34.7 min       34.0 min      30.5 min       38.5 min!
 ! !Rel. Speed:           1.00           1.02          1.14           0.90 !
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XCP-3, LANLVALIDATION_CRITICALITY – F90 Compilers – Differences"

mcnp5-1.60 + ENDF/B-VII.0 ! mcnp5+Int-10   mcnp5_Int-11  mcnp5_Int-12   mcnp6b2_Int-12!
 ! !           ! deltak std     keff   std    deltak std     deltak std!
 U233 Benchmarks !JEZ233      0.0000 ( 8)     0.9989 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLAT23      0.0000 ( 9)     0.9990 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !UMF5C2      0.0000 ( 8)     0.9931 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLSTF1      0.0000 (15)     0.9830 (11)     0.0000 (15)     0.0000 (15)   !
     ! !SB25        0.0000 (14)     1.0053 (10)     0.0000 (14)     0.0000 (14)   !
     ! !ORNL11      0.0000 ( 5)     1.0018 ( 4)     0.0000 ( 5)     0.0000 ( 5)   !
 HEU Benchmarks !GODIVA      0.0000 ( 8)     0.9995 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !TT2C11      0.0010 (10)     1.0008 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !FLAT25      0.0000 ( 9)     1.0034 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !GODIVR      0.0000 ( 9)     0.9990 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !UH3C6       0.0000 (11)     0.9950 ( 8)     0.0000 (11)     0.0000 (11)   !
     ! !ZEUS2       0.0002 ( 9)     0.9972 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !SB5RN3      0.0000 (18)     0.9985 (13)     0.0000 (18)     0.0000 (18)   !
     ! !ORNL10      0.0000 ( 5)     0.9993 ( 4)     0.0000 ( 5)     0.0000 ( 5)   !
 IEU Benchmarks !IMF03       0.0000 ( 8)     1.0029 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !BIGTEN      0.0000 ( 7)     0.9945 ( 5)     0.0000 ( 7)     0.0000 ( 7)   !
     ! !IMF04       0.0000 ( 8)     1.0067 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !ZEBR8H     -0.0001 ( 7)     1.0196 ( 5)     0.0000 ( 7)     0.0000 ( 7)   !
     ! !ICT2C3      0.0000 ( 9)     1.0037 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !STACY36     0.0000 ( 8)     0.9994 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
 LEU Benchmarks !BAWXI2      0.0000 ( 9)     1.0013 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !LST2C2      0.0000 ( 8)     0.9940 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
 Pu Benchmarks !JEZPU       0.0000 ( 8)     1.0002 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !JEZ240      0.0000 ( 8)     1.0002 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !PUBTNS      0.0000 ( 8)     0.9996 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !FLATPU      0.0000 ( 9)     1.0005 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !THOR        0.0000 ( 9)     0.9980 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !PUSH2O      0.0000 ( 9)     1.0012 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
     ! !HISHPG      0.0004 ( 7)     1.0118 ( 5)     0.0000 ( 8)     0.0000 ( 8)   !
     ! !PNL2        0.0000 (12)     1.0046 ( 9)     0.0000 (12)     0.0000 (12)   !
     ! !PNL33       0.0000 ( 9)     1.0065 ( 7)     0.0000 ( 9)     0.0000 ( 9)   !
 ! !Wall-clock:          34.7 min       34.0 min      30.5 min       38.5 min!
 ! !Rel. Speed:           0.98           1.00          1.11           0.88 !
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Monte Carlo Codes
XCP-3, LANLV&V – Comparisons Using Other Criticality Suites"

•  VALIDATION_CRIT_EXPANDED ""
–  119 ICSBEP experiments!
–  ENDF/B-VII.0 data!
–  MCNP5-1.60 vs MCNP6-Beta-2,  with Intel-12.0 F90!

•  For  116 problems,   results match exactly"
•  For      3 problems,   results differ due to roundoff, match within statistics"

•  CRIT_LANL_SBCS " ""
–  From LANL SB-CS Group,  criticality-safety validation suite!
–  194 ICSBEP experiments!
–  ENDF/B-VI  data!
–  MCNP5-1.60 vs MCNP6-Beta-2,  with Intel-10.1 F90!

•  For  192 problems,   results match exactly"
•  For      2 problems,   results differ due to roundoff, match within statistics"

–  MCNP5-1.60 (2010, Intel-10)  vs   MCNP5-1.25 (~2003, Intel-9)!
•  For  144 problems,   results match"
•  For    50 problems,   results differ due to roundoff, match within statistics"
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Monte Carlo Codes
XCP-3, LANL

User Support"
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Monte Carlo Codes
XCP-3, LANLUser Support & Training"

•  11,586 copies of MCNP distributed by RSICC,   Jan 2001 – Oct 2011"

•  Classes"
–  Theory & Practice of Criticality Calculations with MCNP5"

FY11: !PNNL/Hanford,   LANL,   Y-12,   INL!
FY12: !INL,  PNNL/Hanford,    LANL  4/12, 8/12!

–  Introduction to MCNP5 – classes at LANL"
FY11: !10/10,   5/11,   6/11!
FY12: !10/11,   5/12,  6/12,  6/12, 10/12!

–  Advanced Variance Reduction – at LANL   4/12, 8/12!

•  Conferences & Journals " ""
–  PHYSOR-2012 !6 papers   +  Monte Carlo Workshop!
–  ICNC-2011 ! !6 papers!
–  ANS Summer 2012 !3 papers!
–  RPI Colloquium !invited !!
–  ANS Winter 2011 !2 papers!
–  NS&E journal! !2 papers!
–  PNST Journal !4 papers!

•  Participated in ANS 10.7 Standards committee  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Monte Carlo Codes
XCP-3, LANLUser Support & Training"

•  MCNP Forum"
–  User-group – beginners & experts,  ~1000 members!
–  Feedback, bug reports, guidance!

•  New MCNP Website"
–  Nice, modern,   conforms to LANL requirements!
–  Greatly expanded reference collection!

•  Reference collection"
–  1 GB+  of references on Monte Carlo & MCNP,  ~ 600 items!
–  Web browser based!
–  All MCNP5, MCNP6,  & previous MCNP code documentation!
–  Criticality, V&V, adjoints, electrons, detectors, parallel, benchmarks, …..!
–  Includes 8 half-day Monte Carlo workshops!

•  University collaborations"
–  Michigan,  New Mexico,  Wisconsin,  RPI!
–  Summer students at LANL!
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Work in Progress"
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Monte Carlo Codes
XCP-3, LANLR&D Work in Progress    (1)"

Continuous S(α,β) Scattering"
For Thermal Neutrons"

•  S(α,β) thermal neutron scattering"
–  Accounts for temperature, chemical-, & 

molecular-binding on collision physics!
–  Traditional NJOY-MCNP uses discrete 

energy-angle data, gives ray effects for 
problems with only a few scatters!

•  Continuous S(α,β) treatment"
–  Developed by MacFarlane in early 2000s!
–  Implemented in MCNP5-1.51 & 1.60!
–  Never adequately verified/validated!

•  Recent V&V effort"
–  A. Pavlou (U.Mich), 2011!
–  Thorough V&V with ICSBEP benchmarks!
–  Conclusion:  valid for use in crit-safety!
–  Continuous S(α,β) data to be included 

with MCNP ENDF/B-VII.1 data libraries    !

Free-gas Resonance Scattering"
For Epithermal Neutrons"

•  Free-gas scattering model"
–  For neutrons with energies of a few 

eV to a few 100 eV, used to account 
for target nuclide thermal motion!

–  Traditional:   assume constant σscatter!

•  Resonance scatter can be 
important for free-gas model"
" "sig-scatter, 1 eV – 200 eV"

•  MCNP mods to include resonance 
scattering in free-gas model"

H" U238"
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Monte Carlo Codes
XCP-3, LANLR&D Work in Progress    (2)"

On-The-Fly Doppler Broadening"

•  US DOE NEUP project with Univ. 
Michigan, ANL, LANL (2011-2012)"

–  W.R. Martin & students (U.Mich)!
–  G. Yesilyurt (ANL)!
–  F.B. Brown (LANL)!

•  Provide general temperature 
treatment for MCNP"

–  OTF Doppler broadening!
–  OTF interpolation for S(a,b) thermal!
–  OTF interpolation for unresolved 

resonance probability tables!

–  Provides continuous temperature 
capability, without precomputing 
thousands of cross-section 
datasets"

CMFD & Fission Matrix"
Convergence Acceleration"

•  Hybrid methods to improve 
convergence of fission source 
distribution for criticality"

–  Use low-order deterministic method 
to accelerate global convergence of 
MC source distribution!

–  Parameters for low-order solution 
obtained from accurate MC!

•  CMFD / MC"
–  Coarse-Mesh Finite Difference 

method used for low-order!
–  Low-order solutions used to bias 

source sampling in MCNP!
•  Fission matrix"

–  Computed directly during MC!
–  Fission matrix eigenvector used to 

bias source sampling in MCNP!
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Monte Carlo Codes
XCP-3, LANLR&D Work in Progress    (3)"

Statistical Coverage of Fission 
Source"

•  Kernel Density Estimators for 
fission source"

–  Automated placement routine based 
on distance between fission points!

–  Provides a more robust estimate of 
sampling fissionable material!

–  KDEs can be used to compute 
Shannon entropy as well!

Alternate Eigenvalues for 
Criticality Searches"

•  Collision or c-eigenvalue "
–  Like k, but for all collisions note just 

fission.!
"c < 1 subcritical"
"c = 1 critical"
"c > 1 supercritical"

–  Computing c versus k tends to be 
more efficient:!

k" c" Gain"

Reflected 
Sphere! 0.9955" 0.9954" 31"
Pu Soln. 
Can Array! 0.9866" 0.9989" 60"
Full-Core 
PWR! 0.9992" 0.9986" 200"
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Monte Carlo Codes
XCP-3, LANLR&D Work in Progress    (4)"

Alpha-Eigenvalue Improvements"

•  Time-absorption eigenvalue"
–  Useful for analysis of asymptotic transients before feedback!
–  Computed by finding the  α  that makes   k = c = 1!

   α < 0 subcritical!
   α = 0 critical!
   α > 0 supercritical!

–  Using the c eigenvalue tends to be more efficient!

•  Delayed neutrons for  c - α  calculations allowed!
–  MCNP k-α capability only allows prompt neutrons!
–  Modifies delayed fission spectrum!

Prompt supercritical systems:    delayed neutrons have no significant effect"
Subcritical systems:      all neutrons are from longest lived precursor"

•  R&D still needed for negative prompt α	

–  Equations are very unstable numerically for large negative α!
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Monte Carlo Codes
XCP-3, LANLR&D Work in Progress    (5)"

Time Behavior of a Godiva-like sphere"

Subcritical 
Prompt "
Supercritical 
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Monte Carlo Codes
XCP-3, LANL

Future Release Plans"
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Monte Carlo Codes
XCP-3, LANLMCNP6"

•  MCNP6  =  MCNP5 + MCNPX  merger"

•  Impact on Criticality Calculations ➜ none"
–  All KCODE criticality features same as for MCNP5"
–  Matches results with MCNP5 for criticality suites"

•  Monte Carlo team will support MCNP6,  
no new features or releases of  MCNP5 or MCNPX"

•  MCNP6 is here"
–  Beta-2 release:  ! !1Q  CY 2012!
–  Production release:! !CY 2012  (?)!

•  Need more V&V, documentation, code cleanup, installation scripts, etc.!

"We need to plan for  MCNP5 ➜ MCNP6  
transition over the next few years!
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What is ahead

• The evaluation of the experiments we completed 
last year

• The experiments we are doing now
• Our plans for the future
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The Seven Percent Critical Experiment
(7uPCX) is a NERI project

Project Objective:   Design, perform, and analyze 
critical benchmark experiments for validating reactor 
physics methods and models for fuel enrichments 
greater than 5-wt% 235U

• We built new 7% enriched experiment fuel
• We built critical assembly hardware to 

accommodate the new core
• The core is a 45x45 array of rods to simulate 9 

commercial fuel elements in a 3x3 array
• The experiment is a reactor physics experiment 

as well as a critical experiment
• Additional measurements will be made

– Fission density profiles
– Poison worth
– Effect of water holes
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The 7uPCX core uses a new set of fuel rods

• The fuel is 6.90% enriched, 0.207” (0.536 cm) in 
diameter

• The fuel rods are 0.25” (0.635 cm) in diameter
• The fuel rod cladding and end caps are aluminum
• The fuel rods extend above the upper grid plate – the 

upper cap is above the highest level of the moderator
• A polyethylene spacer above the upper grid plate 

replaces the water
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Fueled Rod Sections

Safety Elements (up)

Control Element (down)

PPS Detector Wells

Guide Plate

Upper Grid Plate

Lower Grid Plate

Polyethylene-Filled 
Rod Sections

The Seven Percent 
Critical Experiment 
(7uPCX)
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LEU-COMP-THERM-080
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The Assembly In Its Most Reactive State
(LEU-COMP-THERM-080 Case 11)

Safety Elements: Up

Control Element: Up

Core Tank: Full

Personnel: Excluded

With all control and safety 
elements up and full reflection 
(>6 in. of water on all sides), this 
is the highest reactivity state of 
the assembly.  Multiplication 
measurements are made in this 
configuration.

Fuel:  1136

keff ≈ 0.998
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LEU-COMP-THERM-080 Case 1
Benchmark Model

keff = 0.9976

Includes a total bias of 0.00011 to 
0.00015 from:
• Temperature Difference
• Fuel Mass Difference
• Fuel Stack Length Difference
• Fuel Rod OD Difference
• Source Removal
• Convert CE/SE to Fuel Rods
• Remove everything above the 

water level
• Regularize Design Irregularities

The included biases were 
individually less than 0.0001 in 
magnitude.
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LEU-COMP-THERM-080 Case 1
Benchmark Model

keff = 0.9976

The configuration is shown with the 
water moderator/reflector removed.  
Removal of the PPS detector wells 
was considered – the bias would have 
been 0.0005 to 0.0006 – but not done.
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p800B0000B 1445

LEU-COMP-THERM-080 Case 1

keff = 0.9976



7uPCX Results – p. 11

SAND2012-1798P

p800B0000A 1444

LEU-COMP-THERM-080 Case 2

keff = 0.9982
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p800B0000B+4 1433

LEU-COMP-THERM-080 Case 3

keff = 0.9984
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p800B0000B+8 1433

LEU-COMP-THERM-080 Case 4

keff = 0.9981
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p800B0000B+12 1433

LEU-COMP-THERM-080 Case 5

keff = 0.9979
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p800B0000B+16 1433

LEU-COMP-THERM-080 Case 6

keff = 0.9976
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p800B0000B+x4 1425

LEU-COMP-THERM-080 Case 7

keff = 0.9993
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p800B0000B+x8 1425

LEU-COMP-THERM-080 Case 8

keff = 0.9987
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p800B0000B+x12 1425

LEU-COMP-THERM-080 Case 9

keff = 0.9982
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p800B0000B+x16 1425

LEU-COMP-THERM-080 Case 10

keff = 0.9973



7uPCX Results – p. 20

SAND2012-1798P

LEU-COMP-THERM-080 Case 11

p800B0000 1136

keff = 0.9984
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The 7uPCX core at the end of 
the first approach – LCT080 Case 11
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The uncertainties in the benchmarks
are relatively small

Source
Case 1 

Uncertainty
Case 11 

Uncertainty
Pitch of Fuel Rods 0.00078 0.00076

Clad OD -0.00007 -0.00006
Clad ID -0.00002 -0.00001

Fuel Pellet OD 0.00000 0.00000
Water Depth 0.00000 0.00000

Rod Fuel Mass 0.00002 0.00002
Rod Fuel Length 0.00006 0.00005

Enrichment 0.00012 0.00012
U-234 Content -0.00001 -0.00001
U-236 Content -0.00001 -0.00001

UO2 Stoichiometry -0.00045 -0.00048
Measured Fuel Impurities -0.00026 -0.00026

Undetected Fuel Impurities -0.00007 -0.00006
Clad Composition (3003 Al) -0.00028 -0.00027

Grid Plate Composition (6061 Al) -0.00013 -0.00011
Water Composition -0.00023 -0.00014

Temperature -0.00011 -0.00010
Sum in Quadrature 0.0010 0.0010
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Reactivity Difference – KENO V.a +
ENDF/B-VII.0 (MG) vs Benchmark Model keff
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The mean reactivity difference is about 4.0×experiment uncertainty.
The red error bars show the benchmark uncertainties.
The blue error bars show the stochastic uncertainties in the calculations.
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Reactivity Difference – KENO V.a +
ENDF/B-VII.0 (CE) vs Benchmark Model keff
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The mean reactivity difference is about 2.2×experiment uncertainty.
The red error bars show the benchmark uncertainties.
The blue error bars show the stochastic uncertainties in the calculations.
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Reactivity Difference – MCNP5 +
ENDF/B-VII.0 (CE) vs Benchmark Model keff
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The mean reactivity difference is about 1.5×experiment uncertainty.
The red error bars show the benchmark uncertainties.
The blue error bars show the stochastic uncertainties in the calculations.



7uPCX Results – p. 26

SAND2012-1798P

What are We Up To Now?
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p800B0000B 
1461

LCT080 Case 1 Configuration
Pitch 0.800 cm – Critical with ~1461 Rods
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LCTXXX Case 1 – Pitch 0.855 cm
Critical with ~1065 Rods

p855B0000B 
1065
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LCTXXX Case 2 – Pitch 0.855 cm
Critical with ~1056 Rods

p855B0000A 
1056
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LCTXXX Case 11 – Pitch 0.855 cm
Critical with ~872 Rods

p855B0000 
872
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What is in the Works for the Future?
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Restart the 4.3% Enriched Assembly
We Used for LEU-COMP-THERM-079
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In 2002, we performed some
critical experiments with rhodium

• We built a critical assembly in which 
we could insert fission product 
materials to measure reactivity effects

• The assembly was a triangular-pitched 
array of Zircaloy-4 clad U(4.31%)O2 
fuel (driver) elements

• Test materials were placed between 
the fuel pellets in “experiment 
elements”

• We completed a set of experiments 
with rhodium as the test material

• The experiment is documented as 
LEU-COMP-THERM-079 in the 
International Handbook of Evaluated 
Criticality Safety Benchmark 
Experiments
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Control Element

Safety Elements

PPS Detector Well

Upper Grid Plate

Lower Grid Plate

Experiment Rods

Driver Rods

Source Element

Rhodium 
Foils

The Burnup Credit 
Critical Experiment 
(BUCCX)

Rhodium 
Foils

252Cf Source
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The BUCCX core shown at the end
of approach-to-critical experiments
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A Comparison of
the BUCCX and 7uPCX Cores

The cores (fuel, grid plates, etc.) are 
different.  The balance of the assembly 
hardware is the same
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Measure Critical Water Depth
as a Function of Fuel Loading
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Fully-Reflected Critical Array
With 1065 Fuel Rods – 0.855 cm Pitch
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An Array with 1137 Fuel Rods Needs
a Water Depth That Covers Most of the Fuel
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A 2025 Rod Array is Critical with the
Water Level Slightly Above the Fuel Midplane
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Measure Critical Fuel Loading
as a Function of Pitch (Fully Reflected)
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p800B0000B 
1461

LCT080 Case 1 Configuration
Pitch 0.800 cm – Critical with ~1461 Rods
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Remove 1 in 2 Rods – Pitch 1.132 cm
Critical with ~454 Rods

p1132B0000B 
454

Leave Every Other Position Open in a Checkerboard Pattern

Pitch Increases by a Factor of √2
The Diagonals Become the Fuel Rows
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Remove 3 in 4 Rods – Pitch 1.600 cm
Critical with ~328 Rods

p1600B0000B 
328

Leave Three of Four Positions Open
Remove Alternate Rows/Columns

Pitch Increases by a Factor of 2
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Changing the Pitch by Removing Rods

Grid Plate 
Pitch (cm)

Effective 
Pitch (cm)

Rods 
Removed

Critical 
Array Size 
(rods)

0.800 0.800 None 1461
0.855 0.855 None 1065
0.800 1.132 1 in 2 454
0.855 1.209 1 in 2 403
0.800 1.600 3 in 4 328
0.855 1.710 3 in 4 340
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Concluding Remarks

• We are writing the evaluation for the 0.800 cm 
pitched cores we completed last year
– It is currently in the external review phase
– We expect to have it ready for the Sept. 2012 version 

of the handbook
• We are working on a similar set of cores at 0.855 cm 

pitch
– We will complete “Phase 3b” this year (experiments 

and draft of section 1 of the evaluation complete)
– The evaluation will be completed in time for 2013 

publication
• We are working on future directions for our 

experiments
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Critical Experiments at Sandia



Operational Update 
     And Schedule 

David K. Hayes and William L. Myers 
Los Alamos National Laboratory 

Advanced Nuclear Technology Group N-2 



What’s Operational*? 

• Comet* IER-193 (CED-4a) 
 
• Flat-Top* IER-195 (CED-3b) 

Need to complete control rod calibrations 
 

• Planet* IER-192 (CED-4a) 

 
• General Purpose Nuclear Material Handling  
 

•Vaults 
 
• Count Room 

 
* Pending Recommendations from the Troubleshooting Advisory Board -  
Management Assessment 



Planet 

          
 

• Planet Anomaly 
- 30JAN12 During startup checks, the secondary and primary rams began to 
insert with no operator command to do so.  
 

• Troubleshooting Advisory Board – Management Assessment 
- Draft Report due 9MAR12 
- Preliminary Recommendations 

- Update Firmware on PLC* 
- Improve AC power grounding* 
- Control program changes 
- Others… 

* Will need to be done on for the other machines and the Operational Interlock PLCs 
 



Flat-Top 
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Flat-Top 
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Godiva-IV 

          
 

• Assembly Required… 
- Safety Evaluation Report (SER) expected 9MAR12 
- Implement SER 
- Dry-Run assembly [19MAR12… 
- Assemble [26MAR12… 

 
• However, need to implement recommendations of TAB/MA 
 

• Enter startup/characterization experiment plan by 9MAY12… 
- IER-194 (CED-3b) 

 



General Purpose Nuclear Material Handling 
Vaults 

          
 • General Purpose NM Handling 

-“Generally” up and running 
- Contamination Control Hood now in 3rd year of installation 

- Radiation Test Object Construction 
- Pack-Repack to support experiments 
- MC&A 

 
•Vaults 

- Material continues to be transferred from shipping packages to vault storage 
- Another warehouse being stood up to receive materials from Idaho 

 
 

 



Count Room 

          
 

• Assembly Required… 
- Several months to remove tables from building ground to arrange 
appropriately 
 

• 60mg HEU foils require a Fire Watch to be present and a MODE change to HOT 
OPERATIONS 

- While each foil is sub-accountable, each foil is tracked as 1g PuE for Material-
At-Risk (MAR)… requiring a MAR calculation prior to movement 

 
• Count room is operational and has been used in support of experiments discussed 
in other presentations 
 



A day (or 2) in the life of NCERC 

• Today’s JCOs 
- HEPAs – Limit to 15kg PuE 
- Fire Suppression – Fire watch for all HOT OPERATIONS 
- HMI – No Pu operations on Flat-Top or Godiva-IV 

• Timely Orders 
- Two person access, repeat backs from both accessing 

• Safety Basis 
- CN4 
- CN5 
- CN6 

• Assessments 
- 12 Assessments scheduled JAN12 through SEP12 

 



A day (or 2) in the life of NCERC 

• Fire Suppression System declared inoperable 
- No material movements 
- Luckily, Class Foils staged with Planet 
- Hands-On Class can be conducted 
 Substitute Planet evolutions for normal 4h block with BeRP Ball 

 
• Preparations for class begin 30JAN12 

- Planet Anomaly occurs 
- Still no ability to move material 
- Class is already in NV and underway 
- Hand-Stack using Class-Foils (Planet cannot be used) 
- Substitute more operations with Flat-Top 

 



Examples of Upcoming Experiments 
•Planet 

Measurement Reproducibility Studies (2012) 
Be Reflector Studies (2013) 
 

•Comet 
One Fast Spectrum Irradiation completed 

Reaction Rate and Fission Product Yields 
•Flat-Top 

Fast Spectrum Irradiations (2012) 
 

•Godiva-IV 
Startup and characterization (2012) 
International Dosimetry Intercomparison (2013) 

 
•Various Subcritical measurement campaigns 
 



First Critical Experiment at 
NCERCNCERC

Rene Sanchez, David Hayes, JoettaRene Sanchez, David Hayes, Joetta 
Goda, and William Myers



Outline

• Background• Background

• Purposep

• Description of the Experiment (Rules, 1/M, etc.)

• Experimental Results

• Conclusions



Background

• Cleo Byers Memo “Nuclear Criticality Safety• Cleo  Byers, Memo, Nuclear Criticality Safety 
Orientation,” N-2, January 1973.

• Cleo Byers and Tom McLaughlin produced the 
outline of the Criticality Safety Course as well as the 
experiments that were to be performed (1974)experiments that were to be performed (1974).

• First Criticality Safety Class is given (1975).First Criticality Safety Class is given (1975).



Purpose

• Demonstration for Criticality Safety Orientation

Purpose:

To demonstrate hand-stacking techniques and 
approach to criticality by remote operation. The size of 

ll d t d fl t d bl d f ia well-moderated, reflected assembly and a safe size 
for handling will be illustrated.



Critical Masses of Homogeneous
Water-Moderated U(93 2) Spheres

/

Water-Moderated U(93.2) Spheres

HH



Approach to Critical – Safety Rules

• Everyone is responsible for safetyEveryone is responsible for safety
• Initial and second fuel loadings must be safe
• Follow the 1/M critical approach curve
• Limit hand-stacking (“Three-Quarter Rule”)
• Limit rate of fuel addition (“Half-Way Rule”)



Approach to Critical – Three Quarter Rule

• No hand-assembly step shall be performed if the resulting 
active mass is greater than three-quarters of the g q
estimated critical mass
OR

• N h d bl t h ll b f d if th lti• No hand-assembly step shall be performed if the resulting 
multiplication (M) will exceed 10 (keff = 0.9).

• Basis—For near equilateral fast-neutron systems, a 
central-source multiplication (M) of 10 (k = 0 9)central-source multiplication (M) of 10 (keff = 0.9) 
corresponds to about 75% of the critical mass.



Approach to Critical – “Half-Way Rule”

• No single-step addition goes 
more than half-way to critical
OR

• No single-step addition shall 
double the multiplication.p

• Basis For a linear system• Basis — For a linear system, 
the next addition of the same 
size would be critical.



Approach to Critical – Experiment Design

• Use an effectively placed neutron source
• Use experiment design geometry control• Use experiment design-geometry control
• Use remote assembly safety system



Critical Mass Determination (1/M)

Step Action

1 Determine base count
Rate

2 Add dditi l t i l (f l

 
ratecount  Base
ratecount  NewM 

2 Add additional material (fuel, 
reflector, etc.).

3 Measure new count rate and 
plot new 1/M.

4 Extrapolate to critical mass 
(1/M) = 0.

5 Determine safe addition for 
next step.

6 Repeat steps 2-5 to approach 
critical.



Behavior of Critical Systems



Fissile Material 

Each foil 
weighed 
approximately
70 g.

Foils were
93 19 wt% 235U93.19 wt% U



Lucite Plates (New)

Dimensions:

Two typesTwo types
14” x 14” x 0.46”
14” x 14” x 0.92”

Density:

1.18 g/cc



Planet Operations – Handstacking

• Began Monday, June 13, 2011
• 6 units to 14 units



Hand-stacking Part of the Experiment



Handstacking 1/M 

½ Rule = 16 75½ Rule = 16.75
¾ Rule = 14.63



Criticality Safety Class Experiment “Split-Stack” for 
Remote AssemblyRemote Assembly



Planet Operations – Remote Approach-to-Critical

• Tuesday, June 14, 
20112011

• 14 units to 23 units
• 10 units on Planet 

moveable platen
• Remainder on Planet 

stationary platformstationary platform
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June 15, 2011
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Experimental Results

N Pl t (0 46”)New Plates (0.46”)

Critical Mass: 1, 606 grams of Uranium (23.42 Foils)

Old Plates (TA-18) (0.50”)

Critical Mass:  1511 gram of Uranium (22 Foils)

Difference: 95 gramsDifference: 95 grams



Conclusions

• First critical experiment was successfully completed on JuneFirst critical experiment was successfully completed on June
15, 2011.

Th diff b t thi i t d th th t• The differences between this experiment and the one that was 
performed at TA-18 have been resolved.

• We repeated the TA-18 critical experiment using the old Lucite 
plates and there was difference.



Comet Startup at NCERC 
d A i iti f Nand Acquisition of New 

Data

Rene Sanchez, David Hayes, 
Joetta Goda, John Bounds, and 

Kevin JackmanKevin Jackman



Outline

• Purpose• Purpose

• Description of the ExperimentDescription of the Experiment 

• Experimental Results

• Conclusions



Purpose

• Comet Startup

Purpose:
To perform a critical experiment, Zeus, which is p p , ,
intended to benchmark 235U cross sections in a 
variable energy spectrum.

To provide nuclear data in a non-thermal neutron 
spectrum as well as to reestablish experimental spec u as e as o ees ab s e pe e a
capability relevant to Stockpile Stewardship and 
Nuclear Forensic programs



Calculations (MCNP) 
Reference
C. Wilkerson, Memo to W. Myers
“Zeus/Comet Irradiation ” Aug 1 2011Zeus/Comet Irradiation,  Aug 1, 2011



Approach to Critical – Safety Rules

• Everyone is responsible for safetyEveryone is responsible for safety
• Initial and second fuel loadings must be safe
• Follow the 1/M critical approach curve
• Limit hand-stacking (“Three-Quarter Rule”)
• Limit rate of fuel addition (“Half-Way Rule”)



Comet Initial Fuel Load Handcrank to reference point

Reflector

Reference 

UpperCore 
Support 
Structure

Point

Fuel Unit

Reflector



Hydraulic Ram Extension Ballslide/Stepper Motor 
ExtensionExtension

Not to Scale

Take a neutron count 
while fully closed



Hand Stacking Operation

Units Total Counts M 1/M Predicted Critical 3/4 Rule 1/2 Rule

1 1904 1 1‐ ‐ ‐

2 2109 1.108 0.903 11.309 8.482 6.655

3 2472 1.298 0.770 8.789 6.592 5.895

4 3203 1.682 0.594 7.375 5.531 5.688

y = -0.097x + 1.097

y = -0.133x + 1.169

y 0 176x + 1 2980 7

0.8

0.9

1
1/M vs Number of Units Unit = 12.382 kg 

¾ Rule = 68.484 kg
y = -0.176x + 1.298

0.3

0.4

0.5

0.6

0.7

1/M
2 Units

3 Units

4 Units

0

0.1

0.2

1 2 3 4 5 6 7 8
Units

4 Units



Transferring from bottom to the top



Remote Approach

Mass 1/M Extrapolation

74998.7 1

87556.7 0.482792 99116.612

99155.2 0.068566 101075.2086

99924.6 0.00731 100017.5846

y = -4.1186E-05x + 4.0889E+000.9
1

1/M vs Uranium Mass

First two values

Next two values

y = -3.5714E-05x + 3.6098E+000.4
0.5
0.6
0.7
0.8

1/
M

Next two values

Final two values

y = -7.9615E-05x + 7.9629E+00
0

0.1
0.2
0.3

75,000.0 85,000.0 95,000.0 105,000.0
U i M ( )Uranium Mass (g)



Final Configuration



Cross Section View of the Zeus All Oralloy Experiments

September 8, 2011
Reactor period= 66.97 s
ρ = 12.67 cents
Dose Rate
100 R/hr γ at 10 ft100 R/hr γ at 10 ft 
10000 R/h at foot
Total operation time = 3955 s



Comet Operation



Irradiation of Foils

September 12, 2011
3.75 days after EOB,3.75 d ys e O ,
the foils were retrieved from 
the assembly and moved to 
NCERC counting room forNCERC counting room for 
initial gamma spectroscopy.

Most of them arrived at LANL 
September 20, 2011.



Irradiated Foils at LANL

The HEU and DU foils were dissolved using HNO3 and HCl.

For the Pu foil, after dissolving the nickel cladding, the Pu disk 
dissolved using concentrated HNO3 and HF at 200 ºC.

For the iridium foil, K2IrCl6 (potassium hexachloroiridate), was 
dissolved and chemically separated.

The separated samples were β and γ counted.

The calculate fission per gram of (Pu, Du, and HEU) were estimated 
based on the 99Mo fission yield activity (5.94% 235U, 5.98% 239Pu,

d 6 17% f 238U)and 6.17% for 238U).



Fission Cross Section
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Iridium Absorption Cross Section



Experimental Results (Pu, DU, HEU, Ir)

TopsyTopsy



Experiment vs Calculation
Reference
C. Wilkerson, Memo to W. Myers
“Zeus/Comet Irradiation,” Aug 1, 2011

238U/235U=0.09
193Ir/191Ir=0.499



Conclusions

• The time needed for the irradiated foils to be transported to• The time needed for the irradiated foils to be transported to
LANL after the irradiation was a bit too long (logistics).

• It appears that there is a discrepancy between the measured 
and calculated values. 

• As far as the spectral indices, the indices for this experiment
compare quite well with other experiments (Lady Godiva,
Topsy)Topsy). 



A Proposed Technique for 3-Dimensional 
N t Fl M iNeutron Flux Mapping

William L Myers, Timothy E Beller, John A Bounds, 

Joetta M Goda, Evan A Rose, and Rene G SanchezJoetta M Goda, Evan A Rose, and Rene G Sanchez

Los Alamos National Laboratory
Advanced Nuclear Technology Group (N-2)

Operated by Los Alamos National Security, LLC for NNSA

Slide 1



FY 2011 LANL IE Subtask 7
Reburbish NCERC Count Room CapabilityReburbish NCERC Count Room Capability

A il t f thi bt k t l th ldA milestone for this subtask was to replace the old 
translational wire counter used at LACEF to perform 
neutron flux mapping measurements for criticalneutron flux mapping measurements for critical 
assembly characterization.

Operated by Los Alamos National Security, LLC for NNSA

Slide 2



Modern Solution for Measuring Relative ActivationModern Solution for Measuring Relative Activation
COTS Solution

K d k I d Fl iblKodak Industrex Flexible 
Phosphor imaging plate (SO-
170)  [Europium compound]

ScanX Scout phosphor 
scanner [Laser Readout]

The phosphors are 14” x 17” 
(356 mm x 432 mm), and the 
scanner is capable of multiple p p
resolutions – results presented 
here are using  150 
pixels/inch (5.9 pixels/mm).

Operated by Los Alamos National Security, LLC for NNSA



Proof of Principle Measurement to Demonstrate 
Multi dimensional Neutron Flux MappingMulti-dimensional Neutron Flux Mapping

PLANET with the “Class Foils” Experiment

Four 4” x 4” x 0.0003” Gold 
foils placed into fuel stackfoils placed into fuel stack.

Operated by Los Alamos National Security, LLC for NNSA



Use of Gold as a Detector MaterialUse of Gold as a Detector Material

197Au (n, g) 198AuGold is a mono-isotopic element.

Its thermal neutron cross section is well 
known and large enough to give 
sufficient activation.

The half-life of Au198, equal to 2.698 
days, is short enough to allow for 
reasonable irradiation times.

Gold is available in very thin foils that 
offer minimal perturbation of the criticaloffer minimal perturbation of the critical 
assembly.

Operated by Los Alamos National Security, LLC for NNSA
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Experimental Protocolp

PLANET was operated at 
Delayed Critical at a low 
power for 34 minutes.

The assembly was shutdown 
and the foils were 
allowed to “cool” 
overnight.

Operated by Los Alamos National Security, LLC for NNSA
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Exposures of Different DurationsExposures of Different Durations

The foils were retrieved and taken to the count room where gamma-ray spectroscopy measurements g y p py
were performed using a mechanically cooled HPGe detector.

Using the new storage phosphor and scanner system, three different exposures were performed to 
compare “image” quality and collect the relative activation data.p g q y

1 hour exposure

T= 22 to 23 hours 18 hour exposure 3 hour exposure

T 42 5 t 45 5 h

Operated by Los Alamos National Security, LLC for NNSA

Slide 7

T= 24 to 42 hours T= 42.5 to 45.5 hours



Results of 18 hour ExposureResults of 18 hour Exposure

Operated by Los Alamos National Security, LLC for NNSA
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ConclusionConclusion

The new COTS system was used to demonstrate a technique to perform a twoThe new COTS system was used to demonstrate a technique to perform a two-
dimensional relative activation measurement.

This measurement was a relative measure of the neutron flux (or fluence) on aThis measurement was a relative measure of the neutron flux (or fluence) on a 
geometric plane of one of the fuel units on PLANET; hence essentially 
demonstrating the capability to perform a 3-dimensional flux mapping of this 
critical experiment.p

Operated by Los Alamos National Security, LLC for NNSA
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U N C L A S S I F I E D 

LA-UR-12-00655 

Comparison of MCNP-based 

Transport Codes for Subcritical 

Calculations 

Kimberly Clark, Avneet Sood, William Myers, 

Jesson Hutchinson, Denis Beller 

 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-12-00655 

Abstract 

Several codes have been developed to attempt to correctly simulate 

subcritical systems; in this work, MCNP5 with a locally developed list-

mode multiplication patch, MCNPX/MCNP6, MCNP-DSP and MCNPX-PoliMi 

were compared. Of particular interest is the ability to generate list-mode 

data (time and location of neutron absorption within the detectors), which 

can then be used in a variety of subcritical calculational methods to 

determine various parameters. 

 

Slide 2 
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U N C L A S S I F I E D 

LA-UR-12-00655 

Overview 

 Introduction 

 Experiment 

 Code Capabilities Comparison 

 Simulations 

 Results 
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U N C L A S S I F I E D 

LA-UR-12-00655 

Introduction 

 Need for a MC-based transport code to accurately simulate subcritical 

systems 

• List-mode data generation desirable 
— List-mode data: time and location of interaction within the detecting medium 
— Mimics data provided from actual measurements 

• Same PP codes can be used to analyze the data 
• Change in calculational method necessary 

 Several codes have either been specifically developed to meet this 

criteria or contain some capability to perform these calculations: 

• MCNP5 w/ multiplication patch 
• MCNPX/MCNP6 (w/PTRAC) 
• MCNPX-PoliMi 
• MCNP-DSP 

 

Slide 4 
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U N C L A S S I F I E D 

LA-UR-12-00655 

Experiment 

 Models based on ICSBEP benchmark report SUB-PU-MET-FAST-001 

• Los Alamos BeRP ball in a bare configuration and surrounded by varying 
thicknesses of HDPE 

• Two He-3 detector systems placed on opposite sides 12” from center 
• Bare and 3-inch configurations were chosen for this comparison 

Slide 5 
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U N C L A S S I F I E D 

LA-UR-12-00655 

Experiment 

Slide 6 
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U N C L A S S I F I E D 

LA-UR-12-00655 

Code Comparison 

• Current mainstream codes (MCNP5 v.1.51, MCNPX v.2.6.0): 

• Rely upon average values for parameters such as nubar 
— This does not work well for systems with a lot of noise 

• Do not correlate fission sources in time and location 
• Modified codes: 

• Utilize a full fission probability distribution instead of nubar 
• Use the total number of starting fission events rather than starting particles 
• Run in analog mode 
• Require a modified source definition (unique to each code) 

— DSP requires a secondary input file as well 

Slide 7 
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U N C L A S S I F I E D 

LA-UR-12-00655 

MCNP5 w/Multiplication Patch 

 Generate list-mode data 

 New, separate source and tally routines 

 Request list-mode data with a tally modifier on a cell flux tally 

• List-mode data is analyzed with an included post-processing script 

 Output is analyzed using the Hansen-Dowdy formalism of the Feynman 

method 

• To analyze the output, several values are needed, including neutron leakage 
values obtained from a surface flux tally 

Slide 8 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-12-00655 

MCNP5 w/Multiplication Patch 

 Sample output file: 

Slide 9 
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U N C L A S S I F I E D 

LA-UR-12-00655 

MCNP5 w/Multiplication Patch 

 Sample PP Output: 

  … 

Slide 10 



Operated by Los Alamos National Security, LLC for NNSA 

U N C L A S S I F I E D 

LA-UR-12-00655 

MCNPX/MCNP6 

 These codes can generate list-mode data if PTRAC is used along with a 

neutron capture tally 

• A script was created to remove the extra data that accompanies the PTRAC output 
file to leave just the time and location of the interactions and to arrange the data in 
the same format as that of the MNCP5/patch list-mode output file 

• PTRAC records the time from the fission event to the capture in the detector 
— The same script modifies the output to include the time between the beginning 

of the measurement and the fission event, as required for list-mode data 

 Must run in analog mode when performing a neutron capture tally 

 Still uses nubar 

 Drawbacks (when using PTRAC): 

• No MPI or continue-run capabilities 
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U N C L A S S I F I E D 

LA-UR-12-00655 

MCNPX/MCNP6 

 Sample PTRAC file: 
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LA-UR-12-00655 

MCNPX-PoliMi 

 Modifications 

• Correct neutron and gamma multiplicities have been included 
• Correlation between neutron interaction and gamma production 
• Conservation of energy for each interaction 
• Output file contains list mode data 

— Post-processing with included Fortran PP codes 
• Angular distribution of prompt neutrons from fission 
• Sources added: SF (Cf-252, U, Pu, Cm); (α,n) (Am-Be, Pu-Be, Am-Li); DD & DT 
• PP codes can simulate organic & inorganic scintillators, He-3 detectors  

 Limitations 

• No delayed neutrons 
• No multigroup cross sections 
• No MPI or continue-run capabilities 
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LA-UR-12-00655 

MCNPX-PoliMi 

 Sample output: 

Slide 14 

particle 

number

projectile 

type

interaction 

type

target 

nucleus

cell number 

of collision 

event

energy 

deposited in 

collision (MeV)

time 

(shakes)
WGT

generation 

number

number of 

scatterings
code

18 1 -99 2003 58 0.20624 1.019 -26.28 -2.29 1.84 1 0 1 0
12 1 0 2003 58 2.42073 1.026 -24.51 -2.54 6.18 1 0 1 0
15 1 -99 2003 58 1.42718 1.053 -25.15 -3.17 2.34 1 0 1 0
11 1 -99 2003 40 0.78974 1.169 25.25 2.97 5.92 1 0 1 0
9 1 -99 2003 46 0.17272 1.347 25.11 -2.11 -0.4 1 0 2 0
6 1 -99 2003 58 0.24532 1.386 -25.13 -3.12 3.31 1 0 2 0
10 1 -99 2003 58 0.54088 1.739 -25.97 -3.35 3.84 1 0 3 0
11 1 0 2003 40 0.88908 2.357 25.15 2.62 6.67 1 0 2 0
6 1 0 2003 46 0.76822 2.448 24.46 -2.39 3.08 1 0 3 0
14 1 0 2003 40 1.123 3.166 25.54 2.49 3.19 1 0 1 0
7 1 -99 2003 58 0.13075 3.696 -25.86 -2.69 0.28 1 0 7 0
10 1 0 2003 52 0.79333 3.746 -24.31 2.13 6.52 1 0 8 0
15 1 0 2003 40 0.7702 4.228 24.91 2.77 3.62 1 0 6 0
17 1 0 2003 40 0.78207 4.959 24.72 2.05 2.06 1 0 7 0
6 1 0 2003 46 0.76858 5.221 24.34 -2.01 2.86 1 0 9 0
10 1 0 2003 52 0.77665 5.556 -26.21 3.1 6.46 1 0 6 0
14 1 0 2003 46 0.76699 6.56 25.55 -3.18 3.98 1 0 5 0
8 1 0 2003 58 0.76449 7.414 -25.5 -2.66 3.43 1 0 6 0
11 1 0 2003 40 0.76568 8.127 25.48 1.92 2.72 1 0 11 0

collision position 

(x, y, z)
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MCNP-DSP 

 Modifications: 

• Output given in data blocks of detector responses 
• Correlation between neutron interaction and gamma production  
• Possible calculation modes: Source-driven noise analysis, Rossi-alpha, Pulsed source, 

Passive noise analysis, Multiplicity, Feynman variance 
• Angular distribution of prompt neutrons from fission 
• Fission neutron energy distribution 
• Prompt gamma ray mult. for SF isotopes; energy dist. For Cf-252 
• Can simulate capture, scatter, and fission neutron and gamma detectors 
• Can simulate detector dead time 

 Limitations: 

• Based on outdated version of MCNP 
— Format is not supported in Windows XP, Vista, 7 
— Requires Fortran 77 compiler 

• Doesn’t generate actual list-mode data 
• Not much write-up on how to use other calculational modes besides SDNA 
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LA-UR-12-00655 

MCNP-DSP 

 Sample output: 
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LA-UR-12-00655 

Simulations 

 All simulations were run: 

• Using the same geometry and material cards 
• With ENDF/B-VI 
• Using the same measurement parameters 

— no dead time 
— 300 second measurement time 

• 39424551 SF events (nps) 
— Pu-240 as primary SF isotope 

• 5.954wt% 
— Pu-239 as primary IF isotope 

 KCODE and fixed source calculations were run using each code  

• DSP cannot run KCODE or standard MCNP tallies 
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LA-UR-12-00655 

Results 
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Code KCODE 1/(1-k) inferred k Mnet ML MT

MCNP5 w/patch 0.77787 4.5019 0.81449 3.191 3.7221 5.3906
MCNPX v 2.6.0 0.77775 4.4994 3.179
MCNPX-PoliMi 0.77788 4.5021
MCNP-DSP --- --- 0.82628

BeRP Ball - Bare Case

Code KCODE 1/(1-k) inferred k Mnet ML MT

MCNP5 w/patch 0.93685 15.8353 0.95169 11.252 13.2141 20.7001
MCNPX v 2.6.0 0.93689 15.8453
MCNPX-PoliMi 0.93681 15.8253
MCNP-DSP --- --- 0.90662

BeRP Ball - 3in HDPE Reflected Case
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LA-UR-12-00655 

Summary 

 All of the codes can output some form of list-mode data, except for 

MCNP-DSP 

 There are noticeable differences between the keff values obtained via 

KCODE, the traditional fixed source method, and the modified fixed 

source methods 

 Due to several factors 

 Average values versus probability distribution 

 Particle weights (analog vs. non-analog) 
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Measured and simulated analysis (1) 
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W. Myers, “The Reality of Subcritical Neutron Measurements and How They Can 
Differ with What Your Favorite Neutron Physics Code is Telling You” 
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Measured and simulated analysis (2) 
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Configurations 

• Data of the BeRP ball reflected by polyethylene. 

• Measured data were reduced to match the simulation 
time (300 sec). 
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Measurement Setup and Model 
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Parameters 

• NSS (neutron source strength) 
– Measured: SNAP detector. 
– Simulated: Outgoing F1 current tally (at outermost reflector 

surface) times the BeRP ball emission rate (2.83e5 n/s). 

• Transmission 
– Measured: Reflected count rate divided by bare count rate using 

252Cf replacement measurements. 
– Simulated: Outgoing F1 current tally at reflector surface divided 

by outgoing F1 current tally at SNM surface 

NSST
C ψε =
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Parameters 

Polyethylene Thickness (inches) 0 0.5 1 1.5 3

D0

D1

(α,n) 
τ
NSS (measured) 9.964E+05 1.328E+06 1.697E+06 2.008E+06 1.687E+06
NSS (simulated) 8.860E+05 1.039E+06 1.361E+06 1.731E+06 1.829E+06
ψ (measured) 1.00 1.06 1.12 1.04 0.62
ψ (simulated) 1.00 0.87 0.83 0.77 0.50

1.904
2.879
3.388

4.08E-03

0.0015
0.1667

1.774

2.352

2.153)1(Sν
)2(Sν

)1(Iν
)2(Iν

f

c
σ

σ
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Data comparison 

• Previously we were comparing two data sets: 
– MCNP KCODE 
– Measured data using measured parameters 

• This is similar to the first flowchart. 
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Data comparison (256 micro-sec) 
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Data comparison 

• Now we can compare similar data sets: 
– Measured data using measured parameters 
– Simulated data using measured parameters 

• This is similar to the second flowchart. 
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Data comparison (256 micro-sec) 
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Data comparison 

• Now we can compare similar data sets: 
– Measured data using measured parameters 
– Simulated data using measured parameters 
– Measured data using simulated parameters 
– Simulated data using simulated parameters 
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Data comparison (256 micro-sec) 

1

6

11

16

21

0 0.5 1 1.5 2 2.5 3

To
ta

l M
ul

ti
pl

ic
at

io
n

Polyethylene thickness (inches)

KCODE

Measured data, measured parameters, Hansen

Simulated Data, measured parameters, Hansen

Measured data, simulated parameters, Hansen

Simulated data, simulated parameters, Hansen



U N C L A S S I F I E D 

U N C L A S S I F I E D 

Data comparison (256 micro-sec) 
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Data comparison (256 micro-sec) 

Poly
Gate 

Width
Method Parameters

Measured 
Data

Simulated 
Data

C/E

0 4.27 4.27 1.00
0.5 5.26 5.35 1.02
1 6.56 6.70 1.02

1.5 8.31 8.57 1.03
3 11.71 12.34 1.05
0 4.04 4.04 1.00

0.5 5.14 5.22 1.02
1 6.83 6.98 1.02

1.5 8.97 9.25 1.03
3 13.59 14.32 1.05
0 4.54 4.52 0.99

0.5 5.66 5.74 1.01
1 7.06 7.20 1.02

1.5 8.75 8.96 1.02
3 10.82 11.13 1.03
0 4.28 4.25 0.99

0.5 5.53 5.60 1.01
1 7.36 7.50 1.02

1.5 9.46 9.69 1.02
3 12.59 12.95 1.03

256

Measured

Simulated

Hansen-
Dowdy

Hage-
Cifarelli

Measured

Simulated
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Gate Width Comparison (measured parameters) 
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Other Results 

gate width analysis method data paramaters 0 0.5 1 1.5 3
lifetime - - measured - 40.640 39.616 43.257 56.316 118.196
lifetime - - simulated - 42.888 41.268 44.803 59.591 129.948

measured - 2.176 2.936 3.799 4.496 3.706
simulated - 2.248 3.077 4.066 4.888 4.098
measured - 7.533 12.934 21.181 29.644 21.058
simulated - 7.956 14.100 24.099 34.894 25.579

Ym measured - 0.285 0.470 0.775 1.097 0.977

Ym simulated - 0.291 0.506 0.861 1.251 1.143

R1 measured - 2.176 2.936 3.799 4.496 3.706

R1 simulated - 2.248 3.077 4.066 4.888 4.098

R2 measured - 0.310 0.690 1.473 2.467 1.810

R2 simulated - 0.327 0.778 1.750 3.056 2.342

ε - measured 0.009 0.009 0.010 0.009 0.005
ε - simulated 0.009 0.010 0.010 0.010 0.006
ε - measured 0.010 0.010 0.009 0.008 0.004
ε - simulated 0.010 0.010 0.010 0.008 0.004

256 micro-
seconds

Hansen-Dowdy

Hage-Cifarelli

measured

simulated

C
C

2C
2C
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Results 

• Table below shows C/E for    , R1, count rate, and 
efficiency. 

• It is independent of the gate width. 

• Simulated data yields higher values for all polyethylene 
thicknesses. 

C

Poly Thickness C/E
0.00 1.03
0.50 1.05
1.00 1.07
1.50 1.09
3.00 1.11
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Results 

0.99

1.00

1.01

1.02

1.03

1.04

1.05

1.06

1.07

1.08

0 0.5 1 1.5 2 2.5 3

C/
E

Polyethylene Thickness (inches)

256 usec, Hansen-Dowdy

256 usec, Hage-Cifarelli

1024 usec, Hansen-Dowdy

1024 usec, Hage-Cifarelli

2048 usec, Hansen-Dowdy

2048 usec, Hage-Cifarelli

• Figure shows C/E for total multiplication. 

• It is independent of parameters (measured vs. simulated). 
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Conclusions 

• Measured and simulated data were compared for the 
BeRP ball reflected by polyethylene. 

• Simulated data gives higher count rate and multiplication 
than measured data. 

• The data differ more as reflector thickness increases. 
– The maximum difference in count rates was 10%. 
– The maximum difference in both total and leakage multiplication 

was 5.5%. 
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Future Work 

• Perform additional comparisons with measured data (both 
existing and new data). 

• Determine the optimal parameter set(s) for use in future 
subcritical benchmarks. 

• Perform measurements and simulations at greater ranges 
of multiplication. 
– This is particularly useful on known/benchmarked assemblies 

such as CALIBAN. 
– Measurements will be performed on CALIBAN in summer 2012 

(0.88 < keff < 1). 
– Measurements will be performed with US and French neutron 

detectors. 
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Data comparison (1024 micro-sec) 
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Data comparison (2048 micro-sec) 
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Gate Width Comparison (simulated parameters) 
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AbstractAbstract

 This presentation briefly describes the following topics: This presentation briefly describes the following topics:

• Review of sub-critical multiplication and measurements,
• Current MCNP simulation capabilitiesCurrent MCNP simulation capabilities, 
• MCNP modeling needs for comparisons with sub-critical multiplication 

measurements
• Summary of work performed in 2011 and work in progress

Operated by Los Alamos National Security, LLC for NNSA
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Key Objectives for FY11 FY12Key Objectives for FY11, FY12
 FY11:  Benchmark Quality

• Material characterization
• Assembly details• Assembly details
• Experimental environment

 FY11:  Multiple sub-Critical Configurations
• To determine reproducibility
• With various reflectors to modify neutron spectrum

 FY12, 13:  Examine More than sub-Critical 
Configuration

External neutron and gamma spectra
Nevada Test Site (NTS):  Device Assembly Facility (DAF)

• External neutron and gamma spectra
• Internal foils and detectors to measure reaction rates 

and reaction products

 FY12, 13:  Focus on Uncertainties
• Planning, performing, and documenting the 

experiment
• Sensitivities and Uncertainties are as important as 

the mean!

Operated by Los Alamos National Security, LLC for NNSA



Review: Relevant Physics for Sub Critical MultiplicationReview:  Relevant Physics for Sub-Critical Multiplication
 (Source) Passive neutrons from fissionable material emitted from:

• Spontaneous fission neutron sources:
— Correlated in time and location of fission
— Examples:  Cf-252, Pu-240

• ( ,n) reactions:
Produced when particle is absorbed and neutron is emitted— Produced when  particle is absorbed and neutron is emitted

— Not correlated in time and location
— Examples: Am-Be

(Induced) Neutron multiplication dominated by two physical processes: (Induced) Neutron multiplication dominated by two physical processes:
• (n,2n) 

— Occurs mostly above 7 MeV
— Does not contribute significantly to most scenariosDoes not contribute significantly to most scenarios

• Neutron-induced Fission

Simulations need to be “microscopically” correct for 
comparisons with measured data

Operated by Los Alamos National Security, LLC for NNSA
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Review: Sub critical MeasurementsReview:   Sub-critical Measurements
 Neutron multiplication measurements (passive and active) designed to 

separate the correlated emission events, e.g., SF, from the 
l t d t ( )uncorrelated events, e.g. , (,n), 

• Record time of neutron capture in a neutron detector over a large collection time 
(e.g. 300 sec)

• Group these capture times in a large number (e.g. 1 M) smaller time sub-intervalsGroup these capture times in a large number (e.g. 1 M) smaller time sub intervals 
(e.g. 250 sec)
— These time sub-intervals are larger than typical neutron detection and lifetimes 

(~50 sec)
Multiplicity histogram is constructed• Multiplicity histogram is constructed
— Obeys Poisson statistics if system is non-multiplying (i.e. neutrons are emitted 

randomly in time)
— Data analysis begins…Feynman Variance-to-Mean, CSDNA, etc

Data recorded is neutron detector location and time: list-mode data

Simulations need to produce list-mode data for comparisons

Operated by Los Alamos National Security, LLC for NNSA
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Review:  MCNP Simulations of Sub-Critical 
MeasurementMeasurement

 MCNP simulation of neutron sources and detection
• User can define location, direction, energy, time, and intensity of SF, (,n) gy y ( )

neutron sources
• User cannot define fission events 

— e.g. sample number of neutrons emitted from bar

• User cannot define correlated (time, location) neutron sources
— MCNP samples these values from user’s input

• User cannot (easily) record location and time of detection.
— Possible using MCNP’s PTRAC capability and a user-created external 

script to extract this information

Standard MCNP is not microscopically correct enough to 
compare with current sub-critical measurements:

Operated by Los Alamos National Security, LLC for NNSA
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The goal of our simulations is to be predictive!The goal of our simulations is to be predictive!
 MCNP – well suited for comparing results of sub-critical 

measurements
• Calculates relevant quantities for fixed-source, eigenvalue problems

— How faithfully is MCNP simulating fission process and what we 
measure?

— Correct for averaged values but not microscopically correct

 Other MCNP-like capabilities exist: Other MCNP like capabilities exist:
• MCNP-PoliMi
• MCNP-DSP
• Others?Others?
• We are currently evaluating these capabilities.

Operated by Los Alamos National Security, LLC for NNSA
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2010 11 Work Completed for NCSP2010-11 Work Completed for NCSP 
 Upgrade an existing (unreleased) capability for MCNP

• Use of Terrell (Lestone - new) data to statistically sample the actual number of 
fneutrons  released when induced fissions occurred in a calculation. 

— MCNP can do this for induced fissions, but not starting sources
• Add capability to have a fixed source problem that started fission events 

(correlated) rather than individual neutron histories (independent samples),( ) ( p p ),
• Add capability to allow for a non-fissioning interrogating source (eg. AmBe), and
• Add capability to write a special output file that contained the location and time at 

which each neutron was captured (list-mode data)
R lti li t d d t b l t d b l i t h i• Resulting list-mode data can be evaluated by any analysis technique

• Capability has existed separately for over 25 years (internally V&V’d )
• Difficult to maintain separately

— Make use of MCNP’s user-defined subroutines SOURCE/TALLYX— Make use of MCNP s user defined subroutines SOURCE/TALLYX
— Compare to existing benchmarks

 FY10 proposal leveraged on-going experiments and equipment 
improvements to record list-mode data (e g PATRM/PMC)

Operated by Los Alamos National Security, LLC for NNSA
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Deliverables for FY10 FY11Deliverables for FY10-FY11
 (1) Update the list-mode/fission source capability to current MCNP.  

• Implement this capability as a routine that can be applied to any future version of MCNP 
through the SOURCEX and TALLYX routines provided with MCNPthrough the SOURCEX and TALLYX routines provided with MCNP.

• Produce MCNP5.1.51 executable (sequential, OpenMPI) with standard features plus correlated 
sources and list-mode capability. 

 (2) Compare and document simulated results with previous ( ) p p
experimental results performed.

 (3) Compare and document simulated results with experiments to be 
performed at LANL or other ICSBEP experimentsp p
• (a,n) sources with poly, SS shells, etc
• SUB-PU-MET-FAST-001,002,and 003

 (4) Begin R&D for application of variance reduction techniques to accelerate 
convergence of problems (current simulations are performed in analog mode)convergence of problems (current simulations are performed in analog mode)

 (5) Compare and document our simulation results using currently available 
codes MCNP-DSP and MCNP-Polimi (code-to-code verification)
• UNLV sub-task

Operated by Los Alamos National Security, LLC for NNSA
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FY11 Work CompletedFY11 Work Completed
 SOURCE/TALLYX subroutines written

• Subroutines intended for user-defined source and tally
• Independent of MCNP – no modification of MCNP is required
• Works with MCNP5.1.60 (current release)

 SOURCE—modifies definition of starting particle to be a starting 
reaction, e.g., spontaneous fission, samples starting particles from that 
reaction

 TALLYX—modifies a type 4 tally to produce a file of absorption times in 
tally cell, a.k.a. list-mode data

 Tally output can be processed to analyze inferred multiplication

We plan to submit SOURCE/TALLYX routines to MCNP 
code development team for adaptation into MCNP6 with 

documentation, validation benchmarks, etc

Operated by Los Alamos National Security, LLC for NNSA
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FY10 FY11 End of Year ResultsFY10, FY11 End-of-Year Results
 Internally-developed multiplication patch to MCNP has been updated to 

current version of MCNP
• Coding existed in internal (much older) version of MCNP
• Initial testing indicates code is working as expected.  Comparison with experiments 

begun.
• Still working on developing an independent SOURCE and TALLYX subroutineStill working on developing an independent SOURCE and TALLYX subroutine

 Validation experiments performed at NTS/DAF
• Diagnostics included 2 NPODS, SNAP, 140% HPGe. 

List-mode data taken MCNP models developed/improved— List-mode data taken, MCNP models developed/improved
• May 2010:  BeRP ball (bare), BeRP ball moderated with increasingly thick shells, 

BeRP ball moderated with fixed outer dimension and variable thickness
• BeRP ball supported with hemi-shell – no longer a 1-D problem!

— Two different moderators
• July 2010: BeRP with different moderator, Active interrogation with D-T source

September 2010: Rocky Flat Shells (HEU) with Cf-252 source 

Operated by Los Alamos National Security, LLC for NNSA
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Preliminary Results using Rocky Flats ShellsPreliminary Results using Rocky Flats Shells
 Cf-252 Source

• 5.46 x 106 n/s

 Bare

 3” Polyethylene

 4.5” Polyethylene

 2 x NPODS

 1 x SNAP

 1 x 140% HPGe

Operated by Los Alamos National Security, LLC for NNSA
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Rocky Flat Shells Comparison:  Bare
Measurement ConfigurationMeasurement Configuration

SNAP
NPOD-3NPOD-3

RF Sh ll + Cf 252RF Shells + Cf-252

140% HPGe

NPOD-3 SNAPNPOD 3 SNAP

Operated by Los Alamos National Security, LLC for NNSA
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Rocky Flat Shells Comparison: BareRocky Flat Shells Comparison:  Bare
 Count Rates

• SNAP:  
— 113 c/s (meas)
— 116 c/s (calc)

• NPOD
— 18452 c/s (meas)
— 17373 c/s (calc)

 Moments:
• M1: 3 4741 (calc)• M1:  3.4741 (calc)
• M1:  3.663 (meas)
• M2:  16.367 (calc)
• M2:  17. 940 (meas)

Operated by Los Alamos National Security, LLC for NNSA

Slide 14

( )



Rocky Flat Shells Comparison:  3” Polyethylene
Measurement ConfigurationMeasurement Configuration

Operated by Los Alamos National Security, LLC for NNSA
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Rocky Flat Shells Comparison: 3” PolyethyleneRocky Flat Shells Comparison:  3” Polyethylene
 Count Rates

• SNAP:  
— 97 c/s (meas)
— 107 c/s (calc)

• NPOD
— 14679 c/s (meas)
— 16185 c/s (calc)

 Moments:
• M1:  4.8396 (calc)
• M1:  4.3804 (meas)
• M2:  29.397 (calc)

M2 24 442 ( )

Operated by Los Alamos National Security, LLC for NNSA
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Rocky Flat Shells Comparison:  4.5” Polyethylene
Measurement ConfigurationMeasurement Configuration

Operated by Los Alamos National Security, LLC for NNSA
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Rocky Flat Shells Comparison: 4 5” PolyethyleneRocky Flat Shells Comparison:  4.5” Polyethylene

 Count Rates
• SNAP:• SNAP:  

— 97 c/s (meas)
— 122 c/s (calc)

• NPOD
— 14441 c/s (meas)
— 18774 c/s (calc)

 Moments:
• M1: 6.639 (calc)M1: 6.639 (calc)
• M1:  5.20 (meas)
• M2:  53.846 (calc)
• M2:  33.958 (meas)

Operated by Los Alamos National Security, LLC for NNSA
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FY12, FY13 - Uncertainty/Sensitivity Quantification:  
Thor CoreThor Core

Three -phase Pu; 3.19 kg (top), 4.09 kg 
(mid) 2.17 (bottom)

Glory hole for a source, flux wires, 
detectors, etc

What are our major sensitivities  for 
neutron multiplicity measurements?

Are our instruments,  codes/data 
sufficient to predict uncertainties?

Operated by Los Alamos National Security, LLC for NNSA
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FY12, 13:  Sensitivities and Uncertainties
Preliminary scoping calculationsPreliminary scoping calculations

 Uncertainty/Sensitivity:  Position 
(calculated)

 Uncertainty/Sensitivity:  Mass 
(calculated)(calculated)

• Multiplication
— Nominal:  4.14
— 2 cm: 4.11

(calculated)
• Multiplication

— Nominal:   4.14 
— 10 g: 4.152 cm:  4.11

— 4 cm:  4.12 
— 6 cm:  4.09 
— 8 cm:  4.08 

10 g: 4.15
— 50 g: 4.15
— 100 g:  4.15
— 200 g:

• NPOD Count Rates
— Nominal:  25606 c/s
— 2 cm: 18719 c/s (0.005)

4 cm: 12196 c/s

• NPOD Count Rates
— Nominal:  
— 10 g: 25599 c/s (0.005) 

50 g: 25570 c/s— 4 cm:  12196 c/s
— 6 cm:  696 c/s
— 8 cm:  505 c/s

— 50 g:  25570 c/s
— 100 g:  25530 c/s
— 200 g:  c/s

Operated by Los Alamos National Security, LLC for NNSA
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ConclusionsConclusions
 Standard MCNP is not microscopically correct enough to produce list-

mode data for comparisons with sub-critical multiplication 
t (fi d ki V&V f t i l i i MCNP6)measurements (fixed, working on V&V, future inclusion in MCNP6)

 Sub-critical benchmark measurements are needed (HEU, WGPu, 
moderated, reflected data has been taken)

 Several comparisons have been done (final analysis and documentation is 
in progress)

 Upcoming focus on sensitivities and uncertaintiesp g

Operated by Los Alamos National Security, LLC for NNSA
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CEA-Valduc 
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•  2009 SILENE Exercise 
 LLNL-TR-433878, Evaluation of LLNL’s Personal Nuclear Accident Dosimeter at the Silene Reactor 
 LA-UR-10-03279, Los Alamos National Laboratory Results for the 2009 SILENE Criticality Accident 

 Dosimetry Exercise: Final Report 
 PNNL-19503, PNNL Results from 2009 Silene Criticality Accident Dosimeter Intercomparison Exercise 
 SRNS-STI-2010-00372, Results from the SILENE Criticality Accident Exercise, October 2009 
 RCO/TBD-092, Rev. 1, Results from 2002 and 2009 Silene Criticality Dosimetry Intercomparisons 

 
•  2010 CALIBAN Exercise 

 LLNL-TR-489712, Evaluation of LLNL’s Nuclear Accident Dosimeters at the CALIBAN Reactor 
 LA-UR-11-11567, Los Alamos National Laboratory Results for the 2010 CALIBAN Criticality Accident 

 Dosimetry Exercise: Preliminary Report 
 PNNL-20880, PNNL Results from 2010 CALIBAN Criticality Accident Dosimeter Intercomparison 

 Exercise 
 SRNS-J6700-2011-00270, Results from the Caliban Criticality Accident Exercise, September 2010 
 RCO/TBD-097, Rev. 1, Results from 2010 Caliban Criticality Dosimetry Intercomparison 
 SAND2011-6416, Sandia National Laboratories Results for the 2010 Criticality Accident Dosimetry  

 Exercise at the CALIBAN Reactor, CEA Valduc 
   

FY2010 

FY2011 

FY2012 
    (early) 
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•  CEA-Valduc Paper 
 Criticality Accident Dosimetry: International Intercomparison Exercises Around Silene and Caliban 
 Reactors, L. Savanier, N. Authier, X. Jacquet, G. Rousseau 

 
•  LLNL Poster 

 LLNL-PST-495091, Lawrence Livermore National Laboratory Plutonium Facility Personal Nuclear 
 Accident Dosimeter 

 
 
 
 
 
 

•  LLNL Paper / Presentation 
 LLNL-PRES-470942, Nuclear Accident Dosimetry Exercises at CEA-Valduc 
 LLNL-ABS-492035, Nuclear Accident Dosimetry Exercises at CEA-Valduc 
 

FY2011 
    (late) 

American Nuclear Society 
Winter Meeting 

FY2012 
    (early) 



Exercise Results- Neutron 
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Neutron Dose Ratios to Reference Values 

According to ANSI/HPS N13.3, Dosimetry for Criticality Accidents, nuclear accident dosimetry systems 
should be able to provide sufficient data to calculate the dose within ± 25%.  Results in green meet this 
performance criterion while results in red do not.

Year  Pulse  Shield  Distance (m) Reference  LLNL  Y‐12  LANL  PNNL  SRS  SNL 

2009 
1  Lead 

2  1  1.15  1.16  0.94  0.92  0.79  NR 
4  1  1.22  1.53  1.42  NR   NR   NR 
6  1  0.99  1.45  NR   NR   NR   NR 

2  None  2  1  1.08  1.06  0.97  1.15  1.33  NR 
3  None  6  1  1.06  1.20  1.00  0.52  1.03  NR 

2010 

1  None  2  1  0.96  0.61  1.10  NR  NR  0.85 
4  1  1.29  1.82  1.18  1.13  1.03  0.90 

2  None 
2  1  0.98  0.61  1.06  NR  NR  NR 
2.5  1  1.16  0.92  NR  1.09  NR  1.00 
4  1  NR  1.79  1.38  0.68  1.14  NR 



Exercise Results- Gamma 
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Gamma Dose Ratios to Reference Values 

According to ANSI/HPS N13.3, Dosimetry for Criticality Accidents, nuclear accident dosimetry systems 
should be able to provide sufficient data to calculate the dose within ± 25%.  Results in green meet this 
performance criterion while results in red do not. CEA reference values were confirmed using LLNL 
ionization chambers.

Year  Pulse  Shield  Distance (m) Reference  LLNL  Y‐12  LANL  PNNL  SRS  SNL 

2009 
1  Lead 

2  1  4.42  3.60  8.40  5.52  5.24  NR 
4  1  1.53  2.67  5.33  NR   NR   NR 
6  1  1.40  2.50  NR   NR   NR   NR 

2  None  2  1  1.14  0.87  1.11  1.23  1.30  NR 
3  None  6  1  0.82  0.76  0.86  0.89  1.40  NR 

2010 

1  None  2  1  0.91  1.43  1.21  NR  NR  1.03 
4  1  0.45  1.75  3.25  1.70  2.73  1.60 

2  None 
2  1  0.87  1.30  1.30  NR  NR  NR 
2.5  1  1.45  1.75  NR  2.29  NR  1.70 
4  1  NR  1.67  2.83  1.55  2.20  NR 



What’s next? 
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•  NNSS NAD Lab 
 REOP (JNPO-0056) 
 JNPO Work Package  (JNPO ALWD SPRO-0009) 
 LLNL IWS/SP (IWS-16875.00) 
 JNPO RWP (LL12002) 
 NEPA Checklist (NV-20XX-XXX) 

•   Near Future  
  2012 – LLNL level 3 milestone for NNSS NAD Lab 

 readiness 
  2013 – Reference values (measurements) of the 

 Godiva-IV radiation field (IER-147) 
  2014 – International intercomparison NAD exercise 

 using Godiva-IV (IER-148)   
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2 Managed by UT-Battelle 
 for the U.S. Department of Energy 

“Criticality” experiment 

• Done to directly or indirectly determine physical 
parameters associated with the critical state, or 

• Done to enable computational prediction of physical 
parameters associated with the critical state. 
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Criticality experiments include 

• “Critical” experiments where a condition of keff ~ unity 
(delayed critical or slightly beyond) is obtained 

• Subcritical experiments (0.9x < keff < unity) to determine 
critical conditions (dimensions, concentration, etc.) by 
extrapolation 

• Subcritical experiments (~0.5 < keff < 0.9x) to obtain a 
subcritical benchmark or to infer criticality properties 
(e.g., exponential measurements of material buckling) 
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Do all CeDT experiments warrant 
sensitivity analysis for design? 
 
Not necessarily: 
• Criticality experiments (new configurations - yes; known 

configurations - no) 
• Certain uses of critical assemblies for irradiation 

experiments, e.g. use of Silene or Godiva for criticality 
detector testing (no - this is a functional test of 
equipment) 

• Certain types of reactor experiments, e.g. 7uPCX with 
“holes” to simulate BWR physics (no - the data need 
and configurations of interest are independent of 
sensitivity analysis results) 
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Within criticality evaluations, the 
relationship of criticality experiments 
and process applications has changed 
significantly during the last 30 years. 
 
This change has been driven by changes in how criticality 
evaluations are performed. 
 
Changes in criticality evaluations have primarily resulted 
from a reduced level of risk acceptance.  
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Historical criticality evaluation foci: 
 
(1) Assure that the normal condition is subcritical with  
     adequate safety margin,  
(2) Evaluate basic (usually simple and reasonably possible) 
     changes,  
(3) Identify controls to manage the accident risk (usually,  
     with “double contingency” as the goal). 
 
This approach usually allowed use of experiments, 
handbooks, and hand-calculation methods to cover most or 
all normal and abnormal conditions documented in the 
process evaluation. 
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Current criticality evaluation foci: 
 
(1) Assure that the normal condition is subcritical with  
     adequate safety margin, 
(2) Assess all “credible” off-normal conditions (could be  
     combinations of events/changes), and 
(3) Determine controls that reduce the risk of an 
     accident to “not credible.”  
 
Frequently, the “credible” off-normal conditions have such 
variety that criticality codes must be applied to fill gaps not 
covered by experiments and handbooks. 
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Observation: 
 
 
Traditional validation methods for kUSL require criticality 
experiments that are physically similar to the modeled 
process configurations. 
 
As the variety of hypothesized off-normal process 
configurations expands, it becomes less practical to 
perform critical benchmarks that provide traditional 
validation coverage. 
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Observation (Continued): 
 
 
Most future criticality experiments should focus on 
supporting the veracity of nuclear data and application of 
more modern validation methods. 
 
The experiments should more closely resemble physics 
benchmarks covering a wide range of neutron spectra, with 
less focus on simulating normal or off-normal process 
conditions. 
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Simple example of optimizing an 
experiment for testing of nuclear data:  
PU-SOL-THERM-020 Case 8 
 
Benchmark model: 

• Pu nitrate solution, 51 g Pu/liter (H/Pu ~ 460) 
• Thin-wall stainless steel tank, spherical with diameter of 

~35 cm, containing ~1.2 kg Pu 
• Cadmium (Cd) metal layer surrounding tank, 30 mil 

thickness (0.030 inches or 0.762 mm) 
• Thick (> 30 cm) water reflector 
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PU-SOL-THERM-020 Case 8 
Computational Results 
(SCALE 6.0/KENO-V.a, V7-238 library): 
• Benchmark model keff =  1.0000 (σexp = 0.0059) 
• Computed keff = 0.9962 ± 0.0001  
• If the modeled Cd atom density is reduced by 100%           

(Cd replaced with void), computed keff = 1.0705 ± 0.0001. 
   The keff worth of the Cd is significant. 
• If the modeled Cd atom density is reduced by 50%, 

computed keff = 0.9965 ± 0.0001. 
   The keff sensitivity of the Cd is negligible. 
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PU-SOL-THERM-020 Case 8 
TSUNAMI Total Sensitivity for Cd 
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PU-SOL-THERM-020 Case 8 
Observations 

• The Cd thickness (areal density of Cd on the tank wall) 
is optically “black” for thermal neutron transmission. 

• This experiment is useless for supporting accuracy of 
thermal cross section data for Cd.  (The Cd thermal 
capture cross sections could be in error by 50%, with no 
indication of the problem via computed keff values.) 

• This experiment is useless for validation purposes, for 
process applications involving Cd of < 30 mil thickness 
or Cd in solution. 
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PU-SOL-THERM-020 Case 8 
Design of an Alternate Experiment for 
Testing of Cd Thermal Cross Sections 
• Step 1 - Calculate sphere radii for computed keff = 1.00, 

for Cd thicknesses ranging from 0 to 30 mil* 
• Step 2 - Perform TSUNAMI analysis for each case, 

determine keff sensitivity to total Cd cross section**: 
 

• Step 3 – Review results; determine Cd thickness where 
S is maximized 

*  Use SCALE sequences CSAS1 or CSAS5S, search for critical solution radius 
    with thicknesses of tank, Cd layer, and reflector held constant. 
** Use SCALE sequences T1D, T3D-K5, or T3D-K6.  

S = (δkeff/keff)/(δσ/σ) 
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PU-SOL-THERM-020 Case 8 - Alternate 
Expt for Thermal Cd Cross Sections 
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PU-SOL-THERM-020 Case 8 
 
Could a similar experiment be designed 
to test Cd cross sections in an 
alternate energy region? 

• Step 1 - Calculate sphere radii (for computed keff = 1.00) 
for Cd thickness ranging from 30 mil to several cm 

• Step 2 - Perform TSUNAMI analysis for each case 
• Step 3 - Determine thickness for which total Cd 

sensitivity (S) is maximized: 
S = (δkeff/keff)/(δσ/σ) 
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PU-SOL-THERM-020 Case 8 - Alternate 
Expt for Fast Cd Cross Sections 
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PU-SOL-THERM-020 Case 8 
Final Observations 

• Using a series of similar experiments (e.g., vary Cd 
thickness), a set of benchmarks could be generated for 
testing of Cd nuclear data throughout the entire energy 
range.  Using SCALE sensitivity/uncertainty tools, the 
computational bias due to Cd data could be determined 
for process applications that may not be similar to the 
benchmarks. 

• Benchmarks to test high-energy nuclear data (e.g., Cd 
scattering cross sections in the 1 to 2 MeV range) can 
readily be designed using “thermal” fissile systems   
(Pu or U solutions). 
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Optimizing an Experiment for Similarity 
to a Process Application: 
Lessons Learned 
• CeDT TSUNAMI application (classified) performed in 

2009 
• Application:  3x3x3 array of fissile metal units with “test 

material” of interest, units air-spaced and within a 
cuboidal reflector of thick concrete 

• Historically, a “split-table” critical experiment machine 
would have been used to obtain criticality data for this 
application due to the large mass of solid materials 
(fissile metal, concrete) 
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Optimizing Experiment Similarity: 
Lessons Learned (Continued) 
• A proposed experiment configuration was determined 

consisting of stacked, alternating thin plates of fissile 
metal, test material, concrete simulant, and Plexiglas. 

• By trial and error, the thicknesses of the layers were 
optimized so that for the experiment and the 
application, very close matches were obtained for: 
1. keff sensitivities of all major elements/isotopes, and 
2. the energy spectra of neutrons causing fission. 
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Optimizing Experiment Similarity: 
Lessons Learned (Continued) 
• By varying the thicknesses of material layers, additional 

benchmark configurations were determined. 
• These additional configurations covered a wider range 

of potential process applications (e.g., more thermal to 
possibly cover off-normal conditions of fire sprinkler 
activation or water-flooding, less thermal to cover use 
of concrete with less water content or reduced spacing 
between units). 
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Optimizing Experiment Similarity: 
Lessons Learned (Continued): 

• The 2009 analysis effort not successful because the 
analysis determined a “highly similar” benchmark.  The 
keff sensitivity to the test material was low in the 
application (and hence in the similar experiment).  If the 
amount of test material in the proposed experiment 
configuration was doubled or tripled, the effect of the 
test material would remain minor. 

• What was really desired were benchmarks that tested 
cross sections of the test material, even if that meant 
the criticality physics of the experiments and the 
application differed significantly. 
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Optimizing Experiment Similarity: 
Lessons Learned: 

• Lesson 1:  Communications among experiment 
requestors, designers, and analysts are very important.   
In this case, experiment configurations similar to the 
application were determined, but the requestor’s desire 
was for configurations that would help determine 
accuracy of cross sections for the test material.  
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Optimizing Experiment Similarity: 
Lessons Learned: 
• Lesson 2:  For a process application, proposed critical 

experiment configurations may be determined via 
SCALE sensitivity/uncertainty analysis that 

1. Are highly similar to the process application, 
2. Use smaller amounts of fissile or other materials,  

(may allow use of vertical-lift instead of split-table 
machines), and 

3. Use simpler arrangements of materials (assembly 
may be easily modified to address a wide range of 
off-normal conditions, also benchmark-model 
uncertainties may be reduced). 
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Conclusion: 
SCALE sensitivity/uncertainty analysis tools may be used 
to optimize or improve proposed critical experiments by 
determining experiment configurations that 
• Allow testing of cross section data in specific neutron 

energy ranges of interest,  
• Are highly applicable to a process application and 

provide coverage for a broad range of off-normal 
conditions, 

• Minimize the amounts of fissile or other materials 
required for the experiments, and 

• Are of simpler geometry. 
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Outline of Presentation 

 Why do we want Integral Experiment Covariance Data? 

 How are the Correlation Factors Determined 

 Examples of Uncertainty Components 
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Covariance Methodology 
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We consider the vector of m calculated quantities, Q = (Q1, Q2, … 
Qm), which contains components from critical assemblies, as well 
as reactor designs.  The calculations are based upon n prior 
evaluated parameters, p = (p1, p2, … pn), with covariance Cp.  The 
covariance of calculated quantities due to the parameter 
covariance then follows from error propagation, i.e., 

 

where S is the sensitivity matrix with components 

 

which are the percent changes of the Qi 's per percent changes 
of the parameters . 



Covariance Methodology (Cont’d) 
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It is assumed that the prior evaluation of the n parameters was 
based upon l (differential) experimental data (l > n) and that k 
additional (integral) experimental data are available which are 
uncorrelated with the l values.  Utilization of the additional k 
experimental data leads to adjustments on the prior evaluated 
parameters with the adjustment vector given by 

 

 

where E is the reduced measurement vector with covariance CE. 

 

That is, the uncertainty of the integral experiments along with 
their correlations are required for the adjustment. 



Determination of the Experimental Correlations(a) 

5 
2012 DOE NCSP  Technical Seminar ORNL March 13-14, 2012 “Integral Experiment Covariance Data” 

(a) T. Ivanova et al, Annals of Nuclear Energy 36 (2009) 305-309. 



ANL ZPR/ZPPR Assemblies 
Available in ICSBEP Handbook 
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Assembly 
Benchmark 

EALF, 
Mev 

Experiment a 

keff ± σ 

ZPPR-21A 
PU-MET-FAST-033 

0.422 1.0002 ± 0.0015 

ZPR-6/10 
PU-MET-INTER-002 

0.010 1.0016 ± 0.0013 

ZPPR-21C 
MIX-MET-FAST-011-002 

0.330 0.9998 ± 0.0015 

ZPPR-21B 
MIX-MET-FAST-011-001 

0.297 1.0007 ± 0.0014 

ZPPR-21E 
MIX-MET-FAST-011-004 

0.258 1.0012 ± 0.0017 

ZPPR-21D 
MIX-MET-FAST-011-003 

0.217 1.0018 ± 0.0015 

ZPR-3/48  L47 
MIX-COMP-FAST-003-001 

0.215 1.0013 ± 0.0007 

ZPR-3/48B  L06 
MIX-COMP-FAST-003-002 

0.214 1.0017 ± 0.0007 

ZPR-6/7 H240 
MIX-COMP-FAST-002 

0.129 1.0008 ± 0.0009 

ZPR-3/56B 
MIX-COMP-FAST-004 

0.109 0.9995 ± 0.0011 

ZPR-6/7 
MIX-COMP-FAST-001 

0.105 1.0005 ± 0.0009 

ZPR-3/53 
MIX-MET-FAST-014 

0.058 1.0017 ± 0.0009 

ZPR-3/54 
MIX-MET-INTER-003 

0.026 0.9981 ± 0.0017 

 

Assembly 
Benchmark 

EALF, 
Mev 

Experiment a 

keff ± σ 

ZPR-3/23 
HEU-MET-FAST-055 

0.495 1.0016 ± 0.0021 

ZPPR-21F 
HEU-MET-FAST-061 

0.309 1.0006 ± 0.0018 

ZPPR-20E  L160 
SUB-HEU-MET-FAST-001 

0.223 0.9197 ± 0.0072 

ZPPR-20C  L105 
HEU-MET-FAST-075 

0.226 1.0032 ± 0.0016 

ZPR-9/4 
HEU-MET-FAST-060 

0.223 1.0013 ± 0.0011 

ZPR-9/6 
HEU-MET-FAST-067-002 

0.209 1.0029 ± 0.0012 

ZPR-9/8 
HEU-MET-FAST-070-002 

0.086 1.0020 ± 0.0012 

ZPR-9/7 
HEU-MET-FAST-070-001 

0.076 1.0039 ± 0.0012 

ZPR-9/5 
HEU-MET-FAST-067-001 

0.118 1.0023 ± 0.0011 

ZPR-9/9 
HEU-MET-FAST-070-003 

0.063 1.0029 ± 0.0012 

ZPPR-20D  L1036 
SUB-HEU-MET-MIXED-001 

0.010 0.9540 ± 0.0032 

ZPPR-20D  L129 
HEU-MET-MIXED-012 

0.009 1.0012 ± 0.0011 

ZPR-9/34  (U/Fe) 
HEU-MET-INTER-001 

0.029 1.0006  0.0011 

ZPR-3/6F 
IEU-MET-FAST-015 

0.537 1.0015  0.0011 

ZPR-3/11 
IEU-MET-FAST-016 

0.472 1.0020  0.0012 

ZPR-9/1 
IEU-MET-FAST-013 

0.419 1.0022  0.0010 

ZPR-6/9  (U9) 
IEU-MET-FAST-010 

0.425 1.0015  0.0012 

ZPR-9/2 
IEU-MET-FAST-014-001 

0.309 1.0032 ± 0.0010 

ZPR-3/41 
IEU-MET-FAST-012 

0.368 1.0018 ± 0.0018 

ZPR-9/3 
IEU-MET-FAST-014-002 

0.263 1.0025 ± 0.0010 

ZPR-3/12 
IEU-COMP-FAST-004 

0.313 1.0018 ± 0.0011 

ZPR-6/6A 
IEU-COMP-FAST-001 (ICI-005) 

0.082 1.0017 ± 0.0009 

 



Example of ICSBEP Evaluated Uncertainty 
in Experiment keff 
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ZPR-9 Assembly 1 
IEU-MET-FAST-013 

Uncertainty in  
Experiment keff 

(%Δk) 
Measurement Technique 

Data Fitting 0.0002 
Ih to Δk 0.0093 
Temperature 0.0037 

Geometry 
Matrix Interface Gap <0.0001 
Nominal Plate Dimensions <0.0001 
Matrix Tube Pitch 0.0450 
Room Return 0.0520 

Composition 
Enriched Uranium 0.0732 
Depleted Uranium 0.0036 
Kel-F 0.0008 
Aluminum 0.0124 
Humidity 0.0001 

Total 0.1018 



Uncertainty Types in Three Classes (62 Total) 
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Number Uncertainty Class Type 
1 Measurement Technique Excess Reactivity 
2 Measurement Technique Inhours to Δk 
3 Measurement Technique Temperature 
4 Measurement Technique Reproducibility 
5 Geometry Room Return 
6 Geometry 13 Unknown Reflector Positions 
7 Geometry Matrix Interface Gap 
8 Geometry Matrix Tube Pitch 
9 Geometry Missing Axial Reflector Drawer 

10 Geometry Nominal Plate, Drawer Dimensions 
11 Geometry Aluminum Perforations 
12 Geometry Uranium Axial Distribution 
13 Geometry PSR Axial Position 
14 Geometry PSR Blades 
15 Composition Aluminum in Core 
16 Composition Aluminum in Pu-Al Plates 
17 Composition Aluminum in Matrix Tubes 
18 Composition Aluminum Drawers 
19 Composition Aluminum in Reflectors 
20 Composition Autorod Blade 
21 Composition Beryllium 
22 Composition Beryllium Oxide in Reflectors 
23 Composition Beryllium Oxide in SP-100 rods 
24 Composition Depleted Lithium Plates in core 
25 Composition Lithium Hydride in Shield 
26 Composition Graphite 
27 Composition Graphite in Ax/Rad Refl. 
28 Composition Molybdenum in Pu-U-Mo Plates 
29 Composition Nickel 
30 Composition Niobium 
31 Composition Rhenium 

 2012 DOE NCSP  Technical Seminar ORNL March 13-14, 2012 “Integral Experiment Covariance Data” 



Uncertainty Types (62 Total) - cont. 
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Number Uncertainty Class Type 
32 Composition Sand 
33 Composition Sodium 
34 Composition Sodium Carbonate 
35 Composition Tungsten 
36 Composition Zirconium 
37 Composition Hydrogen in Zirconium 
38 Composition Steel Plates in the Core 
39 Composition Steel in the Cans 
40 Composition Steel in Drawers 
41 Composition Steel in Matrix Tubes 
42 Composition Steel in Reflectors 
43 Composition Steel in Shield 
44 Composition Iron Oxide Plates 
45 Composition Enriched Uranium 
46 Composition Depleted Uranium in Pu-U-Mo Plates 
47 Composition Depleted Uranium in Core 
48 Composition Depleted Uranium in Reflectors 
49 Composition Depleted Uranium in Blanket 
50 Composition Depleted Uranium in Shield 
51 Composition Depleted Uranium Oxide Plates 
52 Composition Plutonium 
53 Composition PSR Blades 
54 Composition “Control” Boron Carbide 
55 Composition Polyethylene in core 
56 Composition Borated Polyethylene in reflector 
57 Composition Borated Polyethylene in shield 
58 Composition Kel-F on core fuel 
59 Composition Kel-F on core DU fuel 
60 Composition Kel-F on core BeO plates 
61 Composition Kel-F on reflector BeO plates 
62 Composition Humidity 

 



Major Uncertainty Types in ANL Criticals 
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Number 
Number 

(out of 62) Weighting Matrix Major Uncertainty Type 
1 1 1 Excess Reactivity 
2 2 1 Inhours to Δk 
3 5 1 Room Return 
4 7 1 Matrix Interface Gap 
5 8 1 Matrix Tube Pitch 
6 17 1 Aluminum in Matrix Tubes 
  

  7 41 2 Steel in Matrix Tubes 
  

  8 39 3 Steel in the Cans 
9 45 3 Enriched Uranium 
10 47 3 Depleted Uranium in Core 
11 49 3 Depleted Uranium in Blanket 
12 51 3 Depleted Uranium Oxide Plates 
  

  13 52 4 Plutonium 
14 46 4 Depleted Uranium in Pu-U-Mo Plates 

 



Timeline of ANL ZPR/ZPPR Machines 
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ASSEMBLY Total Uncertainties by Specific Machine 
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Enriched Uranium Correlation Matrix Fractions 
(White = 0.0;  Black = 1.0) 
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Overall Covariance Factors for ANL Critical Assemblies 

14 

Covariance 
ZPR3 

6F 
ZPR3 

11 
ZPR3 

12 
ZPR3 

23 
ZPR3 

41 
ZPR3 

48 
ZPR3 
48B 

ZPR3 
56B 

ZPR6 
6A 

ZPR6 
7 

ZPR6 
7 High 240 

ZPR6 
9 U9 

ZPR6 
10 

ZPR9 
1 

ZPR9 
2 

ZPR9 
3 

ZPR9 
4 

ZPR9 
5 

ZPR9 
6 

ZPR9 
7 

ZPR9 
8 

ZPR9 
9 

ZPR9 
34 U/Fe 

ZRPR20 
C 

ZRPR20 
D 

ZRPR20D sub ZRPR20E sub 

ZRPR21 
A 

ZRPR21 
B 

ZRPR21 
C 

ZRPR21 
D 

ZRPR21 
E 

ZRPR21 
F 

ZPR3 
6F 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
11 0.86 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
12 0.91 0.91 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
23 0.54 0.37 0.48 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
41 0.52 0.51 0.52 0.33 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
48 0.41 0.39 0.40 0.34 0.27 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
48B 0.42 0.40 0.41 0.34 0.27 0.85 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR3 
56B 0.15 0.08 0.14 0.28 0.14 0.21 0.21 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR6 
6A 0.63 0.64 0.65 0.29 0.38 0.16 0.16 0.05 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR6 
7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.36 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR6 7 High 

240 0.00 0.00 0.00 0.00 0.00 0.07 0.06 0.12 0.36 0.66 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR6 
9 U9 0.75 0.91 0.82 0.22 0.44 0.28 0.28 0.00 0.69 0.10 0.10 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR6 
10 0.00 0.00 0.00 0.00 0.00 0.07 0.06 0.02 0.15 0.22 0.27 0.07 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
1 0.52 0.47 0.51 0.28 0.31 0.01 0.01 0.00 0.54 0.00 0.00 0.44 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
2 0.67 0.68 0.69 0.30 0.40 0.10 0.10 0.00 0.65 0.00 0.00 0.65 0.00 0.97 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
3 0.66 0.65 0.67 0.31 0.39 0.07 0.07 0.00 0.66 0.00 0.00 0.62 0.00 0.93 0.96 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
4 0.54 0.48 0.53 0.30 0.33 0.00 0.00 0.00 0.58 0.00 0.00 0.44 0.00 0.89 0.87 0.88 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
5 0.53 0.46 0.51 0.29 0.32 0.00 0.00 0.00 0.56 0.00 0.00 0.43 0.00 0.96 0.90 0.90 0.88 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
6 0.52 0.46 0.51 0.29 0.31 0.00 0.00 0.00 0.56 0.00 0.00 0.43 0.00 0.96 0.90 0.90 0.88 0.96 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
7 0.47 0.41 0.46 0.26 0.28 0.00 0.00 0.00 0.50 0.00 0.00 0.38 0.00 0.93 0.86 0.85 0.84 0.93 0.94 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
8 0.46 0.40 0.45 0.25 0.28 0.00 0.00 0.00 0.49 0.00 0.00 0.37 0.00 0.94 0.84 0.84 0.84 0.94 0.94 0.94 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
9 0.48 0.42 0.47 0.27 0.29 0.00 0.00 0.00 0.51 0.00 0.00 0.39 0.00 0.94 0.86 0.86 0.85 0.94 0.94 0.93 0.94 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZPR9 
34 U/Fe 0.38 0.33 0.37 0.21 0.23 0.00 0.00 0.00 0.41 0.00 0.00 0.31 0.00 0.76 0.67 0.67 0.68 0.77 0.78 0.78 0.80 0.79 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZRPR20 
C 0.38 0.34 0.37 0.21 0.23 0.00 0.00 0.00 0.42 0.13 0.12 0.36 0.08 0.40 0.43 0.45 0.43 0.42 0.42 0.37 0.36 0.38 0.31 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZRPR20 
D 0.48 0.42 0.47 0.27 0.29 0.00 0.00 0.00 0.52 0.03 0.03 0.40 0.02 0.50 0.55 0.57 0.54 0.52 0.52 0.47 0.46 0.48 0.38 0.81 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZRPR20 
D sub 0.17 0.15 0.16 0.09 0.10 0.00 0.00 0.00 0.18 0.01 0.01 0.14 0.01 0.17 0.19 0.20 0.19 0.18 0.18 0.16 0.16 0.17 0.13 0.35 0.31 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZRPR20 
E sub 0.09 0.08 0.09 0.05 0.05 0.00 0.00 0.00 0.10 0.01 0.01 0.08 0.01 0.09 0.10 0.10 0.10 0.10 0.10 0.09 0.08 0.09 0.07 0.23 0.18 0.94 1.00 0.00 0.00 0.00 0.00 0.00 0.00 

ZRPR21 
A 0.00 0.00 0.00 0.00 0.00 0.02 0.02 0.00 0.02 0.22 0.22 0.07 0.18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.65 0.39 0.14 0.10 1.00 0.00 0.00 0.00 0.00 0.00 

ZRPR21 
B 0.08 0.08 0.09 0.04 0.05 0.02 0.02 0.00 0.10 0.22 0.21 0.15 0.13 0.08 0.09 0.09 0.08 0.08 0.08 0.07 0.07 0.07 0.08 0.71 0.46 0.16 0.11 0.87 1.00 0.00 0.00 0.00 0.00 

ZRPR21 
C 0.23 0.21 0.22 0.12 0.14 0.02 0.02 0.00 0.25 0.21 0.20 0.26 0.12 0.22 0.25 0.26 0.24 0.23 0.23 0.21 0.20 0.21 0.19 0.80 0.60 0.22 0.15 0.82 0.85 1.00 0.00 0.00 0.00 

ZRPR21 
D 0.29 0.26 0.28 0.15 0.17 0.02 0.01 0.00 0.32 0.20 0.19 0.31 0.12 0.29 0.32 0.33 0.31 0.30 0.30 0.27 0.26 0.28 0.24 0.84 0.65 0.26 0.17 0.79 0.82 0.87 1.00 0.00 0.00 

ZRPR21 
E 0.39 0.35 0.39 0.21 0.24 0.01 0.01 0.00 0.43 0.18 0.17 0.39 0.11 0.40 0.44 0.46 0.43 0.42 0.42 0.37 0.36 0.38 0.32 0.87 0.72 0.27 0.17 0.70 0.76 0.85 0.88 1.00 0.00 

ZRPR21 
F 0.48 0.43 0.47 0.25 0.28 0.01 0.01 0.00 0.51 0.16 0.15 0.46 0.13 0.48 0.53 0.55 0.51 0.50 0.50 0.44 0.43 0.45 0.37 0.87 0.76 0.27 0.17 0.62 0.69 0.80 0.85 0.90 1.00 
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Total Correlation Factors for 33 ANL Critical Assemblies 
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Concluding Remarks 
 
 The results shown are “almost” completed; these data will be 

completed and documented this FY. 

 These data will allow a selection of relevant ZPR “Clean 
Physics Benchmarks” to be included in a Data Adjustment 
exercise to investigate some of the more significant data 
discrepancies in the ENDF/B data library. 

 

Note:  the product of such a study would valuable feedback to 
the evaluators – not an adjusted set of cross sections. 
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How to Design a Critical Experiment 
aka 

“CED-1 and CED-2” 
 

R. D. McKnight 

Nuclear Engineering Division 
Argonne National Laboratory 

 

 

 
DOE NCSP Technical Seminar 
March 13-14, 2012 
Oak Ridge National Laboratory 



Outline of Presentation 

 Why a Presentation on “How to ….”? 

 Limited Scope of this Talk 

 Types of Critical Experiments 

 Requirements of a Conceptual Design 

 Requirements of a Final Design 
– Pop Quiz 

 How to Meet these Requirements 
– Methods, Input, Effort, Manpower, … 

 Concluding Remarks 
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Why a Presentation on “How to ….”? 

 The DOE NCSP Integral Experiment (IE) Program Element is 
now back “on-line” and “operational.” 

 Plans for the experimental program are very impressive. 
– There are >100 Integral Experiment Requests (IERs) in the 

pipeline!!! 
– Not all IERs will survive to become experiments, but clearly the 

IE program will be designing and performing a steady stream of 
experiments as the program moves forward. 

 Success of these experiments depends on many factors – not 
the least of which is their proper design. 
– A careful, even perfect, execution of a poorly designed 

experiment is unlikely to be of value. 

 This presentation will share some very basic ideas so that all 
of us might have some understanding of the design of a 
critical experiment. 
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Limited Scope of this Talk 

 Integral Experiment Requests (IERs) may include one or 
more measurements of one of more types of experiments, 
such as: 
– keff    (Critical and/or Sub-Critical Configurations) 

– Deep Transport – (Shielding, CAAS, etc) 

– Reaction Rates – (Spectral Indices, Spatial Profiles, Dosimetry, 
etc) 

– Spectrum – (Neutron, Gamma) 

– Reactivity Worths – (Small-sample, Doppler Temperature 
Coefficients, Material Replacement, Control Rods, Void or 
Insertion, etc) 

– Kinetic Parameters – (βeff, Delayed Neutron Fractions, ai’s and 
λi’s, etc) 
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Limited Scope of this Talk (Cont’d) 

 Present discussion will appear to address only criticality 
measurement for a variety of reasons, including: 
– Limitation of time, 

– Limitations of the speaker, 

– Criticality is the most fundamental measurement, and perhaps 
most importantly, 

– Design for the other measurements is generally an “add-on” for 
the criticality case we are discussing. 

For example, measurement of spectral indices requires description of 
the “critical” configuration, plus specification of the reaction rates 
to be measured, the measurement locations, the fission chambers 
or foils, deposit or foil compositions, etc. 

Or measurement of replacement worths requires description of the 
“critical” configuration, plus specification of the material to be 
replaced, the locations, sample masses, sample compositions, etc. 
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Types of Critical Experiments 

 There are two basic types of Critical Experiments: 

 Physics Benchmarks 
– Clean simple compositions 

– Clean simple geometry 

– e.g., Godiva, Jezebel, ZPR-9/34 (the U/Fe Benchmark), 
ORNL spheres, TRX lattices 
 

 Engineering Mockup Criticals (EMC) 
– ZPR-9/27 (FTR-EMC) 

– ZPPR-21 (Criticality Safety Mockup of Crucible for  
  Pyro-Processing of Spent Fuel) 
 

Note:  One of the first steps of the Design Process is to decide which of 
these two basic types of experiments is requested (i.e., which of 
these types of experiments will meet the requestor’s needs). 
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Requirements for a Conceptual Design (CED-1) 

The CED-1 report must contain the following four items: 
1. Brief Description of the Purpose of the Experiment and the 

Measurement Approach 

2. Brief Description of the Experiment 
a. Materials 

i. Dimensions 

ii. Masses 

iii. Compositions 

3. Model of the Experiment 
a. Geometry and Environment of Experiment 

4. Predicted Values of the Experiment 
a. Eigenvalue, keff (and Material Worth, Δkeff, if relevant) 

b. Neutron Energy Spectrum 

c. Neutron Balance (by Isotope, Region) 

d. Experiment Sensitivities 
7 
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Requirements for a Final Design (CED-2) 

The CED-2 report must contain the following four items: 
1. Brief Description of the Purpose of the Experiment and the 

Measurement Approach 

2. Brief Description of the Experiment 
a. Materials 

i. Dimensions 

ii. Masses 

iii. Compositions 

3. Model of the Experiment 
a. Geometry and Environment of Experiment 

4. Predicted Values of the Experiment 
a. Eigenvalue, keff (and Material Worth, Δkeff, if relevant) 

b. Neutron Energy Spectrum 

c. Neutron Balance (by Isotope, Region) 

d. Experiment Sensitivities 
8 
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Pop Quiz 

QUESTION:  What very important information was not 
mentioned on the two preceding (CED-1 and CED-2) slides? 

 

ANSWER:  Uncertainties, uncertainties, uncertainties. 

 

Uncertainty analysis was not listed as a separate task or 
requirement because consideration of uncertainties should 
be an integral part of all experiment design – that includes all 
facets of the CED-1 and CED-2 tasks. 

 

Bottom Line:  If you have measured (experimental) values, but 
no estimate of the uncertainties in these values, then these 
experimental data cannot be used for validation. 
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How to Meet CED-1 and CED-2 Requirements 

Notice the close parallel between: 
the Requirements for a Conceptual Design (CED-1), 
the Requirements for a Final Design (CED-2), and 
the Requirements for an ICSBEP Benchmark Document. 

 

Section 1.  Description of Experiment 

Section 2.  Evaluation of Experiment 

Section 3.  Description of Model 

Section 4.  Calculated Results 

 

It should not be surprising that the same elements necessary to 
produce a quality benchmark document are identical to the 
necessary elements of a critical experiment design. 
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How to Meet CED-1 and CED-2 Requirements (Cont’d) 

 Understand the goal of the experiment 

 Collect full description of 
– Measurement technique (and uncertainties) 

– Materials  
• Dimensions, Masses and Compositions (and uncertainties) 

– Geometry (and uncertainties) 

 Create Model of Experiment 

 Calculate (Predict) Experimental values (and uncertainties) 

 

It is natural to consider the predicted value as the most 
important feature (because it is), but 

Estimation of the uncertainty components and their sum is 
equally important and considerably more difficult. 
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How to Meet CED-1 and CED-2 Requirements (Cont’d) 

Likely the predicted values will be obtained with Continuous Energy 
Monte Carlo calculations. 

Although the uncertainty components could also be obtained with 
these methods, it is often preferable to use higher-order 
deterministic methods (provided acceptable cross sections are 
available). 

Preliminary design, analyses, and reporting of an experiment is 
performed exactly as if it were to be the final experiment design.  
That is, it is modeled with the expectation that it will be built 
exactly as modeled.  In most cases, this preliminary design will 
become the final design, and only in exceptional cases will 
something change in the interim which will modify the model for 
the final experiment design.  Of course, the model of the actual 
experiment (and a benchmark model of the experiment) will 
depend on final parameters (such as separation distance, core 
height, reflector thickness, etc) available after the experiment is 
performed. 
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Concluding Remark 

These very basic thoughts regarding design of a critical 
experiment have focused on performing and reporting the 
experiment design and have not mentioned the Critical 
Experiment Design Team. 

 
But it should be obvious that most of the requirements will 

come from the requestor; most of the inputs will be provided 
by the experimenter; most of the calculations will be provided 
by the analytical methods member; most of the due diligence 
to obtain all information necessary to produce a benchmark 
quality experiment and report will be supported by the 
ICSBEP member, and all of the review, questions, suggestions, 
etc. to design and execute an experiment which meets the 
requestor’s needs will be the collective effort of the full CEdT 
team. 
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Website statistics
•  Visitor access counts

–  Average access rate is 1,047 hits/day.
•  Integral Experiments Request Form usage

–  110 IER requests have been submitted.
–  53 IER users are currently participating in the IER/CEdT process.
–  Over 8,453 inquiries have been performed on IER database in 

FY2011.
•  4-Day Criticality Safety Class

–  Class students past and present have downloaded their class 
pictures over 26,749 times in FY2011.

•  NCS Training modules downloads
–  The sixteen training modules have been accessed over 8,295 times 

in FY2011.
•  Hackers attempts

–  Thwart over 55,065 hackers attempts in FY2011.
•  Over 79,087 total visitors have accessed the NCSP web site since its 

inception in 1998.
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Website usage for FY2011 



Integral Experiments Request Form accesses 
per month 
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TE&P Class pictures downloads per month 

6 



Training modules downloads per month 
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ARH-600 handbook usage 
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Hackers attempts on Website 
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LLNL IP&D FY2011 accomplishments 
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•  Added an additional 270 new IER data fields (an increase from 92 to 362) 
to incorporate CED-3a, CED-3b, CED-4a, CED-4b and the signature 
processes.

–  Created the file upload buttons for CEdT Lead to provide a  file 
sharing capability for CEdT team to foster better communication and 
collaboration among CEdT team members.

–  Created and incorporated signature fields and buttons into CED-1, 
CED-2, CED-3a, CED-3b, CED-4a, and CED-4b.

•  Added twenty five new IER users.
•  Converted and deployed ORELA Heritage video series on NCSP Website.
•  Deployed CSE searchable database on NCSP Website.
•  Created and deployed Nuclear Data Request Form on NCSP Website.
•  Installed and deployed TACLANE for NTS-SLAN communication from 

DAF to Building 23-600 (Mercury) .
•  Created 11 NCERC users accounts and provided “Red Net” user training 

at DAF for resident NCERC personnel.



Dummy test IER-134  
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Only Active during  
CED-0 and CED-1 
 processes 



Dummy test IER-134 - continue  
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Only active 
for CEdT 
Lead 



Dummy test IER-134 - continue  
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Timestamp by 
IER process 
automatically 
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Future plans for NCSP Website 
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•  Continue to enhance Integral Experiments form
– Provide tools to export individual IER into PDF file 

format.
– Provide on-demand sorting by IER record number.
– Provide color coded action status on each IER.

•  Maintain records for all integrated experiments (both 
classified and unclassified)

•  Create and deploy a new classified NCSP website to 
host future classified NCSP IER / benchmark data
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Questions or Suggestions? 
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ICSBEP meeting 
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•  Meeting at NEA Headquarters near Paris, May 2-5, 2011 

•  36 attendees 

•  20 Evaluations 
   6 NCSP evaluations   
   3 evaluations for other DOE (2 with partial NCSP support) 

  4 evaluations with partial NCSP support (travel stipends, Ti) 
 3 independent evaluations 
  1 revision and 1 deferred to next year  
  2 IRPhEP 

•  NEA/NSC/WPNCS/DOC(2011)7 issued October 12, 2011, provides 
the “Summary Record” of the meeting 

 



ICSBEP meeting – 6 new NCSP evaluations 
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  MIX-MET-INTER-004



ICSBEP meeting – 3 evaluations for other DOE 
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and
John Bess* 

* NCSP funds provided to John Bess to finish this student evaluation

DOE-ID student evaluation

DOE-ID student evaluation

IPPE DOE-NA Plutonium Disposition Program



ICSBEP meeting – 3 evaluations w/NCSP stipend 
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Khurchatov 
Institute 

* 

* NCSP travel stipend provided to foreign evaluator

* 

* 



ICSBEP meeting – 1 MIRTE evaluation 
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IRSN  
* 

* Titanium plates provided by NCSP



ICSBEP meeting – 3 independent evaluations 
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AWE 

Jozef Stefan 
Institute, 
Slovenia 



ICSBEP meeting – 1 revision & 1 deferred 

8 



ICSBEP meeting – 2 IRPhEP evaluations 
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Training at NCERC 
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•  Module 10 completed by  
       Catherine Percher (LLNL) 

•  Based on material and figures 
        from Blair Briggs et al. (INL) 
 
•  Features 

   HEU-MET-FAST-058 –- TACS 
      PU-MET-FAST-038 ––– BeRP 
      PU-MET-FAST-006 ––– Flattop 
      HEU-MET-FAST-028 –- Flattop    

 
 
 
      



Training at SNL 
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•  Module 17 completed by  
       Blair Briggs and John Bess (INL) 

 
 
 
      



Mission transfer 
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•  In late FY2011, NCSP activities pertaining to ICSBEP transitioned from 
INL to LLNL 

•  Blair Briggs continues as ICSBEP Chair (under OECD NEA auspices) 
 
•  Dave Heinrichs is the responsible Task Manager for ICSBEP under 

NCSP auspices 
 

  



LLNL IT infrastructure supporting ICSBEP 

•  KENO-Va / ABBN-93 for ICSBEP spectra calculations (IPPE) 
 
•  TSUNAMI for future ICSBEP sensitivity profiles (ORNL) 
 
•  NCSP website webpages with ICSBEP information 
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ICSBEP evaluations for 2012 
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•  High priority evaluations 

 7UpCX (IER 135) 
 ZPR-9/31 (CSEWG benchmark) 
 ZPPR-2 (CSEWG benchmark) 
 Jezebel (major revision) 
 Godiva-IV (approved, comment resolution in progress)  
 HEU-Mo reflected (VNIITF) (IER 129) 
 

•  Student evaluations of graphite-reflected arrays of HEU oxide rods 

 ORNL-TM-450 
 ORNL-TM-561 



ICSBEP evaluations for 2013 and current status 

16 

 
•  NCERC Start-Ups and Criticals 

 PLANET (IER 192) 
 COMET (IER 193) 
 GODIVA-IV (IER 194) 
 FLATTOP (IER 195) 
 HEU (reproducibility) (IER 137) 

 
•  NCERC Subcritical Measurements 

 HEU-NDA (IER 106) 
 BeRP-Tungsten (IER 160) 
 BeRP-Nickel (IER 161) 
 

CED-4a 

CED-3b 

CED-1 

CED-3b 

CED-1 



ICSBEP evaluations for 2013 (continued) 
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•  Other Laboratories 

 SNL 7uPCX (IER 159) 
 CEA+ORNL CAAS (IER 126) 
 VNIITF HEU-Mo Moderated (IER 129) 
 

•  Note that all 2013 evaluations are implementing the CED process 
 
•  For more information: 

 Current status – http://ncsp.llnl.gov/IERMain.html 
 Schedule – Integral Experiments Section of the Five-Year Plan 

CED-3b 
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H-IPD1 - ARH-600 Reissue 
Background 

• ARH-600 Criticality Handbook contains novel “data” 
presentations for idealized systems 
– Simple geometries (spheres, infinite cylinders and slabs) 
– Pu, U-235 and limited U-233  

• Based on early codes and cross section data 
• Not validated to current expectations 
• NCSP Task 

– Provide software to depict ARH-600 Criticality Handbook 
curves (CritView) 

– Add other data sets (MCNP; other Handbook data) 

1 



H-IPD1 - ARH-600 Reissue 
Major FY2011 Activities 

• Added LA-10860 relevant data to CritView data library 
 

• Added MCNP model calculations matching  ARH-600 
curves for Nitrate Figures 
 

• Inclusion of updated  data sets into CritView data library 

2 



H-IPD1 - ARH-600 Reissue 
LA-10860 Data 
• All LA-10860 curves have been digitized 

– Deferred data point entry – base on references vs. digitization 
 

• Report (CHPRC-01550) documents comparison of 
digitized data to original curves 
– Peer review conduced to ensure data quality 
 

• Compatible CritView data incorporated into CritView 
data library 
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H-IPD1 - ARH-600 Reissue  
LA-10860 Data 
LA-10860 Fig. 11: 
Critical Volumes of 
Homogeneous Water-
Moderated U(93.2) 
Spheres 
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H-IPD1 - ARH-600 Reissue 
Added MCNP Data 

• Added nitrate solution cases  
– Nitrate solution density based on SCALE model 
– Fissile material includes: Plutonium/Uranium/Uranium Oxides 
– Geometries include: Spheres, infinite cylinders, infinite slabs 
– Reflector cases include: Unreflected, 1” Water Reflected and 

Full (10”) Water Reflected 
• Each case evaluated over a range of concentrations and 

diameters in order to produce keff curves that ranged 
from ~0.93 to ~1.01 

• Added keff=1.0 subset of results to CritView library data 
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H-IPD1 - ARH-600 Reissue  
Added MCNP Data 
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H-IPD1 - ARH-600 Reissue  
Updated CritView Data Libraries 
• Updated CritView data libraries generated for added 

MCNP calculations and LA-10860 curves 
– CritView data libraries peer reviewed  

 
• Updated data libraries provided with CritView software 

and User Document to LLNL and have been posted on 
the NCSP website 
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H-IPD1 - ARH-600 Reissue 
Data Comparisons 
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H-IPD1 - ARH-600 Reissue 
Data Comparisons 
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H-IPD1 - ARH-600 Reissue 
FY2012 Planned Activities 

• Provide updated and document changes to data files to 
LLNL for posting on the NCSP website (MCNP, SCALE, 
Atlantic Richfield Hanford (ARH)-600, Los Alamos (LA)-
10860) 
 

• Provide updated and documented CritView code to new 
operating system to LLNL for posting on the NCSP website 

10 



H-IPD2 - Actinide Integral Cross Section 
Background 

• Task Team (Hanford, SRS and ORNL) 
• Task Focus 

– Extraction of relevant integral cross section data for 
actinides from early Hanford and potentially SRS reactor 
operations 

– Investigation of potential use of these data to support burn-
up code validation 

– Identification of irradiated targets available for further 
investigation 
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H-IPD2 - Actinide Integral Cross Section 
Major FY2011 Activities 

• Savannah River Review 
 

• Potential Benchmarks 
 

• Cross Section Extraction Methods  developed for the  
U-Pu Tree 
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H-IPD2 - Actinide Integral Cross Section 
Savannah River Review  

• Approach 
– Reviewed publicly released documents  
– Interviewed selected individuals involved in SRS reactor 

production efforts 
• Results 

– SRS reactor operations more focused on production 
– Little research and development (R&D) performed at site 
– No data identified beyond referenced reports 
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H-IPD2 - Actinide Integral Cross Section 
Potential Benchmarks 
  • Potential actinide cross section benchmarks identified 

– Extensive production tests in various Hanford reactors 
– Typical tests included uranium fuel, neptunium, americium and 

thorium targets 
• Example benchmark input information collected – PT-069 

– Tailored experiment to investigate the impact of U-236 on Np237 
production 

– Used Evaluation Guide for the International Reactor Physics 
Experiments Evaluation Project (NEA/NSA/DOC[2006]2) to 
organize available data and identify any missing/incomplete data 

– Compiled relevant test configuration, reactor and PIE data 
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H-IPD2 - Actinide Integral Cross Section 
Preliminary Potential Benchmarks 
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Test 
Number Doc. Title Reactor Year Where 

Radio-
chemical 

Data 
Available 

PTA-069 Controlled 236U and 237Np 
Production Test in 03N Fuel B 1967-

1968 In Fuel Yes 

PTA-084 High Exposure Engineering Test 
on 03N Fuel B  In Fuel 

Eng. Test Yes 

PTA-054 Not of Interest - T Production in 
Lithium 2.1 U-metal block KW  Target Yes 

PTA-137 Thorium Irradiation Supported by 
Enriched Metal K5E KW  Target Yes 

PTA-107 Controlled 236U and 237Np 
Production Test in K5E Fuel KE  In Fuel Yes 

PTA-48 Depleted Uranium Irradiation 
Test K5D Fuel KE  In Fuel Yes 

PTA-103 Overbore Block Test on Tube and 
Rod Fuel CMZE, CMIE fuel C  In Fuel 

Eng. Test Yes 

PTA-068 Final Report PT-68 Results of N-
Reactor Neptunium Irradiation N  In Fuel Yes 

 



H-IPD2 - Actinide Integral Cross Section 
Potential Benchmarks 
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Parameter Dimension 
Lattice geometry Square 
Lattice spacing (inches) 8.375 
Equivalent cell radius (inches) 4.725 
Process Tube O.D. (inches) 1.728 
Process Tube I.D.  a (inches) 1.598 
Fuel dimensions (see Table I.1) 
a  Average dimensions: tubes are not quite 
circular and contain ribs 

 



H-IPD2 - Actinide Integral Cross Section 
Potential Benchmarks 

PT-069 Test 
Configuration 
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H-IPD2 - Actinide Integral Cross Section 
Potential Benchmarks 
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PT # 

Fuel 
Ele-

ment # 
Date 

Charged 

Date 
Dis-

charged 

Oper. 
Full 

Power 
Days 

Avg. 
Tube 
Pwr-
kw 

Est. 
Exp. 

MWD/
T 

Water Temp. 
oC Avg. 

Fuel 
Pc. 

Spec. 
Pwr. 
Kw/ft 

Fuel Pc. Inlet Outlet 
1079 11 8/2/67 9/9/67 30 1059 285 19.9 98 69.6 50.5 
 12        66.8 50.5 
 17        53.7 76.0 
 18        49.7 76.0 
1179 10 8/2/67 10/18/67 55 1167 575 19.2 104 85.5 53.2 
 11        82.4 56.8 
 16        64.6 60.3 
 17        60.6 99.4 
1378 12 8/2/67 1/12/68 116 1239 1721 14.4 100 60.6 99.4 
 13        55.9 91.7 
0582 10 8/2/67 11/17/67 74 911 607 17.3 90 71.3 40.8 
 11        68.9 40.8 
 16        54.6 56.4 
 17        51.4 54.0 
1078 12 8/2/67 11/17/67 74 1153 1011 17.3 93 58.4 84.2 
 13        54.3 84.2 
 
 



H-IPD2 - Actinide Integral Cross Section 
Cross Section Extraction Methods  

• Historical approach 
– Initially developed to optimize production 
– Later used to support other mission development 

• Hands on Approach 
– Solved system of differential equations for microscopic 

reaction rates 
– Utilized least-squares approach to match observed 

radiochemical data 
• Simple computer approach (PTABLE) 

– Explicitly solved system of differential equations 
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H-IPD2 - Actinide Integral Cross Section 
 Isotopic Buildup/Depletion Model 
 U-Pu Tree 
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H-IPD2 - Actinide Integral Cross Section 
 Hands on Analysis Method 
 • U-Pu Tree 

• Used for early 
Production Table 
analyses 
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H-IPD2 - Actinide Integral Cross Section 
 PTABLE Method 
 • Calculates one group integral cross sections 

• Numerically solves the coupled differential equations for 
isotopic buildup/depletion models as a function of 
exposure 

• Iterative technique used to alter the original one group 
cross sections into a new set consistent with measured 
radiochemical results 

• PTABLE has been resurrected as an operational code 
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H-IPD2 - Actinide Integral Cross Section 
 Reports 
 • Report on Benchmark Data for PTA-069 Test  

– Significant benchmark-like, quality data exists for the PT-069 
Test 

– Initial data gaps identified 
• Specific core loading for test duration 
• Fuel burn-up estimates in neighboring fuel 
• Degree of non-uniformity in the graphite stack near the experiment 

• Report on Cross Section Extraction Methods 
– Initially developed to optimize production goals 
– Hands on Approach and PTABLE2 methodologies described 
– PTABLE2 and SCALE identified for sensitivity studies 
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H-IPD2 - Actinide Integral Cross Section 
FY2012 Planned Activities  

• Issue letter report documenting computer model for extraction 
and sensitivity calculations to LLNL for posting on the website 

  

• Update existing compilation of data (reactor and special test), 
issue data compilation report, and provide report on NCSP 
website 
 

• Issue letter report for U-Pu Tree with integral cross section 
and possible benchmark listing and provide report on NCSP 
website 
 

• Issue letter report for demonstration of alternate information 
extraction and provide report on NCSP website 
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Overview of ANL Nuclear Data Activities 

 Perform on-going data testing in support of the data 
validation effort for ENDF/B-VII and new evaluated nuclear 
data that are of interest to the criticality safety community.  

 Participate and provide leadership roles in nuclear data 
international expert groups and working groups 

 Support on-going development of advanced nuclear data 
covariance methodologies 

 Generate integral experiment covariance data in on-going 
support of S/U methods, Uncertainty Quantification and 
nuclear data adjustment methods 

 Chair the Nuclear Data Advisory Group (NDAG) 

3 
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NCSP Data Testing and Validation 

 Priority to provide timely Testing and Reporting of 
Performance of new NCSP-supported Nuclear Data 
Evaluations 
– All NCSP-supported Data Evaluations are delivered to BNL when 

completed  

– These preliminary ENDF/B files are processed by BNL with checking 
codes and posted to the NNDC web site as ENDF/A files 

– ANL processes these new files into libraries; determines the 
appropriate integral benchmarks to test the files; performs data 
testing calculations; and reports results (performance) to CSEWG and 
evaluators 

 Support for the Release of ENDF/B-VII.1 (December, 2011) 

 Represent NCSP on various U.S. and International Working 
Groups and Expert Groups (including CSEWG, WPNCS, WPEC, 
UACSA, ADSNF, WPEC HPRL, and WPEC SG 33) 
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Support for Release of ENDF/B-VII.1 

 M. B. Chadwick et al, “ENDF/B-VII.1 Nuclear 
Data for Science and Technology:  Cross 
Sections, Covariances, Fission Product Yields 
and Decay Data,” Nuclear Data Sheets, Vol. 
112, No. 12, (2011) 2887-2996. 

 A. C. Kahler et al, “ENDF/B-VII.1 Neutron Cross 
Section Data Testing with Critical Assembly 
Benchmarks and Reactor Experiments,” 
Nuclear Data Sheets, Vol. 112, No. 12, (2011) 
2997-3036. 

 D. L. Smith, “Evaluated Nuclear Data 
Covariances:  The Journey from ENDF/B-VII.0 to 
ENDF/B-VII.1,” Nuclear Data Sheets, Vol. 112, 
No. 12, (2011) 3037-3053. 
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Overview 

 A set of benchmark calculations have been performed to 
test the new ENDF/B-VII.1 data. 
– Selected primarily to complement analyses being done by 

others. 

 Please refer to the principal references for ENDF/B-VII.0 and 
-VII.1 data for more detailed documentation of the contents 
and performance of these evaluations. 
– M. B. Chadwick et al, “ENDF/B-VII.0:  Next Generation Evaluated 

Nuclear Data Library for Nuclear Science and Technology,” Nuclear 
Data Sheets, Vol. 107, No. 12, (2006) 2931-3060. 

– M. B. Chadwick et al, “ENDF/B-VII.1 Nuclear Data for Science and 
Technology:  Cross Sections, Covariances, Fission Product Yields and 
Decay Data,” Nuclear Data Sheets, Vol. 112, No. 12, (2011) 2887-2996. 

– A. C. Kahler et al, “ENDF/B-VII.1 Neutron Cross Section Data Testing 
with Critical Assembly Benchmarks and Reactor Experiments,” Nuclear 
Data Sheets, Vol. 112, No. 12, (2011) 2997-3036. 
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Overview Validation Testing with Detailed Models 

 A set of benchmark calculations have been performed to 
test the new ENDF/B-VII.1 data. 
– Selected primarily to complement analyses being done by 

others. 

 Analyses performed using MCNP5 and NJOY with both 
ENDF/B-VII.0 and -VII.1 data. 
– Typically,  250 million neutron histories with 1-sigma 

uncertainties on keff’s and δk’s of ~3 pcm and ~4 pcm, 
respectively. 

 Four types of experiments analyzed. 
– Criticality 

– βeff 

– Sodium-Void Worths 

– Control Rod and Control Rod Position Worths 
7 
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Overview 

 Detailed as-built models for a series of 40 Argonne 
ZPR/ZPPR and 25 IPPE BFS critical assemblies have been 
used. 
– For the ZPR configurations these models represent the 

physical dimensions and masses of each and every plate, can, 
drawer and matrix tube and the interstitial gaps among these 
materials for the as-built material loadings for each of these 
assemblies. 

– For the BFS configurations these models represent the physical 
dimensions and masses of each and every disk, can, stick and 
tube and the interstitial gaps among these materials for the  
as-built material loadings for each of these assemblies. 

– That is, no significant approximations or biases are introduced 
in these models. 

8 
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ANL ZPPR Assembly 10A 

 This experiment (performed in late 
1978) was a 650 MWe-class sodium-
cooled MOX-fueled LMFBR core 
mock-up critical experiment with 
two homogenous zones with 
control rods (CRs) or control rod 
positions (CRPs) filled with sodium.  
 

 Detailed (i.e., exact “as-built”) 
Monte Carlo models were 
generated corresponding to the 
subcritical reference configuration 
plus an extensive series of large 
zone sodium voided configurations 
plus an extensive series of control 
rod and control rod channel 
configurations of ZPPR-10A.  
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ZPPR-10A Loading and “As-Built” Models 

 For example, Loading 7 contained: 

– > 12,000 Pu-U-Mo plates 

– ~ 50,000 Na cans 

– ~ 15,000 Na2CO3 cans 

– > 175,000 Depl U3O8 plates 

– ~ 140,000 DU plates 

– ~ 45,000 Fe2O3 plates 

– ~12,000 SST plates 

Loading Cells/DMs Compositions MCNP lines 

7 149 165 43623 

12 149 165 43623 

13 155 181 44979 

15 157 181 45405 

26 155 181 45047 

29 157 181 45405 

31 153 165 44463 

33 168 174 48868 

34 169 174 49289 

37 169 174 49503 

40 169 182 49077 
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Typical Statistics of the MCNP5 Input Files 
for “As-Built” Models of ZPPR Assemblies 

Assembly Loading Nuclides Compositions Universes Cells Lines 

ZPPR-9 13 56 169 77 17122 21856 

ZPPR-9 94 56 192 106 24786 29741 

ZPPR-10A 7 47 165 150 38946 43626 

ZPPR-10A 34 47 174 170 44455 49292 

ZPPR-13A 24 55 196 100 16351 22752 

ZPPR-13A 63 55 222 138 24062 30853 

ZPPR-15A 15 56 135 47 8920 12622 

ZPPR-15A 20 56 151 53 10422 14368 

Length of the input files for the detailed models may range from about  
10-50 thousand lines, i.e., about 3 orders of magnitude longer than the 
simplified benchmark models. 
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Pu Metal FAST and INTER ZPR/ZPPR Assemblies 

12 
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Pu Metal FAST and INTER ZPR/ZPPR Assemblies 
(Cont’d) 

 Only 2 Pu-Metal fueled experiments were analyzed. 
– The first is a very fast spectrum assembly, ZPPR-21A, having ~80% of 

the fissions occurring above 100 keV. 
• The C/E bias for this assembly with ENDF/B-VII.0 data is 225 ± 150 pcm, 

which is completely eliminated, 7 ± 150 pcm, with the ENDF/B-VII.1 data. 

– The second of these assemblies, ZPR-6/10, has the softest spectrum 
among this series of 40 assemblies, with only ~33% of the fissions 
occurring above 100 keV. 
• The C/E bias for this assembly with ENDF/B-VII.0 data is ~3.8% δk (3786 ± 

135 pcm), which is reduced to ~2.6% δk (2648 ± 135 pcm) with the 
ENDF/B-VII.1 data. 

– The large improvement in the C/E bias results predominantly from 
changes in 55Mn (-635 pcm) and 52,53Cr (-570 pcm); however, the 
residual bias is indicative of limitations of data evaluations in the 
intermediate energy range 
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MIXED (Pu,U) FAST and INTER ZPR/ZPPR Assemblies 
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MIXED (Pu,U) FAST and INTER ZPR/ZPPR Assemblies 
(Cont’d) 

 For the mixed-(Pu,U) assemblies, all calculated keff’s were reduced 
with the ENDF/B-VII.1 data by approximately 60-215 pcm. 
– Average bias for the 15 assemblies with ENDF/B-VII.0 data is 258 

pcm. 

– Average bias with ENDF/B-VII.1 data is 147 pcm. 
 

 The biases for ZPR-3/53 and ZPR-3/54 with ENDF/B-VII.0 data are 
855 and 1233 pcm, respectively. 
 

 The biases for ZPR-3/53 and ZPR-3/54 with ENDF/B-VII.1 data are 
755 and 1047 pcm, respectively. 
 

 The average bias for the other 13 assemblies with ENDF/B-VII.0 
data is 137 pcm; the average bias with ENDF/B-VII.1 data is 31 
pcm. 
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HEU FAST and INTER ZPR/ZPPR Assemblies 
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HEU FAST and INTER ZPR/ZPPR Assemblies 
(Cont’d) 
 keff’s over-predicted with ENDF/B-VII.0 data for all 13 HEU 

assemblies. 
– Average bias with ENDF/B-VII.0 data is over 1% δk (1042 pcm). 

– Largest bias (ZPR-9-4) is almost 2% δk (1948 pcm). 

 keff’s reduced with ENDF/B-VII.1 data for all 13 assemblies. 
– Average bias with ENDF/B-VII.1 data is <0.5% δk (463 pcm). 

– Largest bias (ZPR-9-4) reduced by >1.2% δk (to 717 pcm). 

– Only the ZPPR-20E assembly  (HEU core with lithium and 
reflected by beryllium oxide and silicon dioxide) was not 
significantly reduced. 

– Bias for ZPR-9/34, the U/Fe Benchmark assembly, reduced 
from 882 pcm to 217 pcm with ENDF/B-VII.1 data. 

 Largest improvements not result of changes in 235U or 238U. 
17 
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IEU FAST and INTER ZPR/ZPPR Assemblies 
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Core Unit Cell Loadings for ZPR-9 Assemblies 1-4 
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ZPR-9/1 

ZPR-9/2 

ZPR-9/3 

ZPR-9/4 



IEU FAST and INTER ZPR/ZPPR Assemblies 
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IEU FAST and INTER ZPR/ZPPR Assemblies 
(Cont’d) 

 Seven of the 9 IEU assemblies were over-predicted with the 
ENDF/B-VII.0 data. 
– Average bias of the values obtained with ENDF/B-VII.0 data was 

~0.25% δk/k (270 pcm). 

 Eight of the 9 keff’s were reduced and 1 unchanged with the 
ENDF/B-VII.1 data. 
– Average bias of the values obtained with these data was reduced by 

one-half (134 ± 115 pcm). 

 The changes in these average values are skewed by the relatively 
large changes for the 2 Tungsten bearing assemblies,  ZPR-9/2&3. 
– Bias values for ZPR-9/2&3 was improved by 388 pcm and 625 pcm, 

respectively. 

 In fact, for the other 7 IEU-fueled assemblies the new data had 
very little effect, i.e., good performance was maintained. 
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Average Values of C/E - 1 (in pcm) for ENDF/B-VII.1 
according to Fuel Type in ZPR/ZPPR Assemblies 

Fuel 
Type 

# of 
Expts 

ENDF/B-VII.0 
mean values, pcm 

ENDF/B-VII.1 
mean values, pcm 

Δk Difference 
(VII.1 - VII.0) 

C/E-1 ±  σ C/E-1 ±  σ Δk ±  σ 

Pu-Metal a 2 2005 ± 143 1327 ± 143 -679 ± 10 

Mixed (Pu,U) 15 258 ± 112 147 ± 113 -111 ±  7 

HEU 13 1042 ± 201 463 ± 201 -576 ±  9 

IEU 9 270 ± 115 134 ± 115 -151 ±  7 

22 

a  Mean values are perhaps not meaningful for these assemblies because there were  
only 2 experiments with distinctly different energy spectra and performance 
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Measured and Calculated Values of Beta-effective 
obtained with ENDF/B-VII.1 Data`  

ICSBEP  
Identifier 

ZPR 
Assembly 

Experiment 
βeff ± σ 

ENDF/B 
Version 

Calculated 
βeff ± σ 

C/E ± σ 

HMI-001 
ZPR-9/34 

(U/Fe) 
0.00657 ± 0.00013 

VII.0 
VII.1 

0.00681 ± 0.00006 
0.00682 ± 0.00006 

1.037 ± 0.023 
1.038 ± 0.023 

IMF-010 
ZPR-6/9 

(U9) 
0.00706 ± 0.00009 

VII.0 
VII.1 

0.00716 ± 0.00006 
0.00707 ± 0.00006 

1.014 ± 0.016 
1.001 ± 0.016 

PMI-002 
ZPR-6/10 
(PuC/SST) 

0.00222 ± 0.00005 
VII.0 
VII.1 

0.00224 ± 0.00003 
0.00224 ± 0.00003 

1.009 ± 0.029 
1.009 ± 0.029 
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Sodium-Void Worth Measurements in ZPPR-9 and 
Calculated Values obtained with ENDF/B-VII.1 Data 
  

Void  
Region                                              

Experiment 
ρNa ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρNa ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

8-inch axial region in  
97 drawers per half 

104 ± 1.81 
VII.0 
VII.1 

106 ± 4  
100 ± 4 

 2.0 ± 4.4 
-3.7 ± 4.4 

20-inch axial region in 97 
drawers per half 

112 ± 1.88 
VII.0 
VII.1 

109 ± 4 
110 ± 4 

-2.7 ± 4.1 
-2.6 ± 4.1 

27-inch axial region in 97 
drawers per half 

86 ± 1.46 
VII.0 
VII.1 

85 ± 4 
78 ± 4 

-0.8 ± 5.2 
-8.9 ± 5.2 
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Sodium-Void Worth Measurements in ZPPR-10A and 
Calculated Values obtained with ENDF/B-VII.1 Data 

Void  
Region                                                                                                                       

Experiment 
ρNa ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρNa ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

8-inch axial region in  
88 drawers per half 

76 ± 0.88 
VII.0 
VII.1 

88 ± 4 
78 ± 4 

15.9 ± 5.8 
  2.7 ± 5.8 

8-inch axial region in 
172 drawers per half 

145 ± 1.56 
VII.0 
VII.1 

153 ± 4 
148 ± 4 

  5.6 ± 3.2 
  2.3 ± 3.2 

16-inch axial region in 
172 drawers per half 

187 ± 2.07 
VII.0 
VII.1 

194 ± 4 
192 ± 4 

  3.7 ± 2.6 
  2.7 ± 2.5 

16-inch axial region in 
172 drawers per half 

159 ± 1.76 
VII.0 
VII.1 

160 ± 4 
154 ± 4 

  0.8 ± 2.9 
 -2.9 ± 2.9 
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Sodium-Void Worth Measurements in ZPPR-15A and 
Calculated Values obtained with ENDF/B-VII.1 Data 

Void 
Region 

Experiment 
ρNa ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρNa ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

8-inch axial region in 
148 drawers per half 

370 ± 3.14 
VII.0 
VII.1 

352 ± 4  
356 ± 4 

  -4.9 ± 1.4 
  -3.9 ± 1.4 

14-inch axial region in 
148 drawers per half 

101 ± 0.90 
VII.0 
VII.1 

 89 ± 4 
 80 ± 4 

-12.3 ± 4.3 
-21.1 ± 4.3 

18-inch axial region in 
148 drawers per half 

-35 ± 0.46 
VII.0 
VII.1 

-39 ± 4 
-30 ± 4 

    11.6 ± 12.2 
   -14.0 ± 12.2 

31-inch axial region in 
148 drawers per half 

-76 ± 1.55 
VII.0 
VII.1 

-75 ± 4 
-84 ± 4 

   -1.5 ± 5.7 
  10.7 ± 5.8 
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Control Rod (CR) and Control Rod Position (CRP) 
Measurements in ZPPR-9 and Calculated Values obtained 
with ENDF/B-VII.1 Data 

Void 
Region 

Experiment 
ρCr ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρCr ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

6 CRPs in Row 7 -968.6 ± 11.7 
VII.0 
VII.1 

-990.7 ± 4 
-979.6 ± 4 

2.3 ± 1.3 
1.1 ± 1.3 

6 CRs in Row 7 
(outer ring) 

-6244.5 ± 73.1 
VII.0 
VII.1 

-6355.9 ± 5 
-6379.3 ± 5 

1.8 ± 1.2 
2.2 ± 1.2 

6 CRs 1-7 in center 
and middle ring 

-6130.9 ± 74.2 
VII.0 
VII.1 

-6170.3 ± 5 
-6198.0 ± 5 

0.6 ± 1.2 
1.1 ± 1.2 

CRs 4 and 7 -2315.1 ± 27.7 
VII.0 
VII.1 

-2373.8 ± 4 
-2372.3 ± 4 

2.5 ± 1.2 
2.5 ± 1.2 

Central 3x3 CR -1178.6 ± 14.2 
VII.0 
VII.1 

-1208.9 ± 4 
-1209.3 ± 4 

2.6 ± 1.3 
2.6 ± 1.3 
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Control Rod (CR) and Control Rod Position (CRP) 
Measurements in ZPPR-10A and Calculated Values 
obtained with ENDF/B-VII.1 Data 

Void 
Region 

Experiment 
ρCr ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρCr ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

Central Rod -885.6 ± 10.2 
VII.0 
VII.1 

-944.9 ± 9 
-953.4 ± 4 

6.7 ± 1.6 
7.7 ± 1.3 

6 CRs in Row 4 
(6R4) 

-4495.7 ± 47.5 
VII.0 
VII.1 

-4832.9 ± 4 
-4854.3 ± 4 

7.5 ± 1.1 
8.0 ± 1.1 

12 CRs in Row 7 
(6R7C + 6R7F) 

-7155.8 ± 105.2 
VII.0 
VII.1 

-7549.7 ± 5 
-7573.6 ± 5 

5.5 ± 1.6 
5.8 ± 1.6 

6 Row 7 corner rods 
(6R7C) 

-3236.9 ± 37.3 
VII.0 
VII.1 

-3446.6 ± 4 
-3458.0 ± 4 

6.5 ± 1.2 
6.8 ± 1.2 
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Control Rod (CR) and Control Rod Position (CRP) 
Measurements in ZPPR-15A and Calculated Values 
obtained with ENDF/B-VII.1 Data 

Void 
Region 

Experiment 
ρCr ± σ 
(pcm) 

ENDF/B 
Version 

Calculated 
ρCr ± σ 
(pcm) 

C/E - 1 ± σ 
(%) 

Central 2x2 Na CRP     -160.8 ± 1.25 
VII.0 
VII.1 

-160 ± 4 
-156 ± 4 

-0.6 ± 2.8 
-2.9 ± 2.8 

Central 2x2 CR - 
100% natural B4C 

-1305.87 ± 8.88 
VII.0 
VII.1 

-1265 ± 4 
-1277 ± 4 

-3.2 ± 0.7 
-2.2 ± 0.7 

Central 2x2 CR - 
50% natural B4C 

-999.043 ± 6.89 
VII.0 
VII.1 

-910 ± 4 
-932 ± 4 

-8.9 ± 0.8 
-8.7 ± 0.8 
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Concluding Remarks 
 One motive for the particular Data Validation discussed herein 

was to illustrate how very valuable “Clean Physics Benchmark” 
Assemblies can be to identify Nuclear Data Deficiencies. 
 

 Several ANL benchmarks are highlighting problems with the 
structural materials – particularly in the softer spectrum 
assemblies. 
– ZPR-6/10 – (Pu C SST Benchmark) 

– ZPR-9/34 – (U Fe Benchmark) 

– ZPR-3/53&54 – (DU and Fe Reflected Benchmarks) 
 

 Also indicate problems with 239Pu in the softer spectrum 
assemblies. 
 

 The large increase in evaluated Covariance Data in ENDF/B can be 
helpful in studying these deficiencies (and in UQ studies, in 
general). 
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Release of the ENDF/B-VII.1 
Evaluated Nuclear Data File

David Brown

Monday, March 5, 12



ENDF/B-VII.1 was released on 
Dec. 22, 2011

 ENDF/B is arguably most important 
nuclear data library for all nuclear 
applications

 Many more full evaluations in neutron 
sublibrary than in any other release
• ENDF/B-VII.0 contains 393 evaluations
• ENDF/B-VII.1 contains 423 evaluations

 Extensive collection of covariance 
data (190 evaluations)

 Library summarized in Dec. 2011 
issue of Nuclear Data Sheets

 See also http://www.nndc.bnl.gov/exfor/
endfb7.1.jsp
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An overview of the library
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ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

In addition to the incorporation of new and updated
data from ENSDF, the new ENDF/B-VII.1 contains a
number of modifications, additions and error resolutions,
compared with ENDF/B-VII.0. These include a more
thorough treatment of the atomic radiation, improved
Q value information, recent theoretical calculations of
the continuous spectrum from beta-delayed neutron emit-
ters, and new TAGS (Total Absorption Gamma-ray Spec-
troscopy) data.

Atomic radiation, X-rays and Auger electrons, are pro-
duced from the filling of atomic vacancies created in elec-
tron capture and electron conversion. A detailed de-
scription of these processes is important for nuclides for
which the main decay mode is electron capture. It is
also relevant in heavy deformed nuclei where gamma-ray
transitions are strongly converted, as well as in the de-
formed actinides where the gamma-ray transition energy
is smaller than the K binding energy. In ENDF/B-VII.0,
the atomic data included fluorescence yields, energies and
intensities taken from the 8th edition of the Table of Iso-
topes [259].

In the new ENDF/B-VII.1, the atomic data from the
Evaluated Atomic Data Library [260] developed by LLNL
was used, in a similar way to the calculations described
by Stepanek [261]. All the K-L, K-M and K-N as well
as the Lα, Lβ and Lγ X-rays are included. In addition,
the KLL, KLX, KXY, LLX, LMM, LMX, LXY, MMX,
and MXY average Auger electrons are also listed. The
electron conversion to atomic sub-shells was calculated
with the code BRICC [262].

An essential component of any decay process is the
total energy available for the decay (Q value). The pre-
vious ENDF/B-VII.0 makes use of the 2003 Audi mass
evaluation [263]. Since then, with the advent of multi-
ple Penning traps around the world, numerous masses
of both neutron and proton rich nuclei have been mea-
sured with very high precision. These are incorporated
into the 2009 and 2011 updates of the mass evaluation
and have been used in creating the ENDF/B-VII.1 decay
sublibrary. Changes in the overall Q value for a decay im-
pact the values of energy for electromagnetic radiation,
light particles, and heavy particles.

In some neutron rich nuclei, beta-decay followed by
neutron emission is an energetically favored decay mode.
The resulting neutron spectrum is very difficult to mea-
sure experimentally and data are available for only a se-
lect few cases. As this decay mode has particular rel-
evance for energy applications, ENDF/B-VII.1 includes
new theoretical calculations using the Cascading Gamma
Multiplicity (CGM) model of continuous gamma, beta,
and neutron spectra [264]. The calculations were per-
formed for beta-delayed neutron emitters which comprise
the thermal neutron fission fragment yield of 235U and
239Pu. The previous ENDF/B-VII.0 modeled the neu-
tron spectrum using Gross theory whereas in the present
calculations, a micro-macroscopic (QRPA) theory of the
beta-decay strength function is coupled with a statistical
modeling of the levels and continuum in the daughter nu-

FIG. 102: Decay heat multiplied by time for a single fission
event for 235U(n,f) at neutron thermal energy. Shown are the
electromagnetic (blue) and light particle (red) components of
the decay heat. ENDF/B-VII.1 values are compared with
experimental data [267].

cleus. Depending on the known available data, different
types of files were generated. For those nuclei where the
complete neutron spectrum is known, the neutron data
from ENDF/B-VI.8 was combined with the beta-decay
data in ENSDF, as in 136I. In cases where only a portion
of the neutron spectrum is measured, the neutron data
from ENDF/B-VI.8 were merged with the CGM calcu-
lations to provide a complete neutron spectrum up to
the available Q value. For those nuclei where no neutron
data are available, but detailed gamma and beta radia-
tion have been determined, the information from ENSDF
was combined with the neutron spectrum from the CGM
calculations. Finally, for those nuclei where no measure-
ments have been performed, the theoretical calculations
provided the gamma, beta, and neutron spectra. The
values of Pn (delayed neutron emission probability) were
taken from ENSDF when experimentally known; other-
wise, the values from the CGM calculations were used.
Lifetimes were also taken from ENSDF when experimen-
tally known, otherwise the systematic values provided by
Pfeiffer et al. [265], were adopted.

Total Absorption Gamma-ray Spectrometry (TAGS) is
sensitive to the total beta-decay population of all nuclear
levels, rather than to individual, discrete gamma-rays.
Particularly in cases where the Q value is quite large, dis-
crete gamma rays can be missed, and the TAGS method is
preferred for an accurate measurement of the total beta-
decay strength. The values of energy of electromagnetic
radiation and energy of light particles from the recently
published TAGS data for 105Mo, 104,105,106,107Tc [266],
were included in ENDF/B-VII.1.

2960

Fig. 5. Decay heat times the time for a single neutron 
induced fission event on 235U at thermal neutron energies, 
broken out into electromagnetic and light particle 
components.  

Covariance data

The ENDF/B-VII.1 library contains over 190 neutron 
evaluations with covariances, more than any previous 
ENDF library.  A summary of these covariances is 
provided in Table I.  Notable is the substantial increase of 
covariance data for structural materials and minor 
actinides (see Ref.  [4]).  Although the mean values of all 
quantities in the major actinides were unchanged,  
covariances for Prompt Fission Neutron Spectrum (PFNS) 
were added (see Ref. [5]).  Sample plots of these 
covariances are shown in Figs. 6 and 7.   

Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Category  Materials Comment

Light 
nuclei

12 6 evaluated by R-matrix; 
6 low fidelity estimates

Structural 
+ FP

105 38 evaluated for COMMARA-2.0; 
40 updated low fidelity estimates; 
15 for criticality safety programs; 
12 for other purposes

Priority 
Actinides

20 13 evaluated for COMMARA-2.0; 
1 from ENDF/B-VII.0; 
6 from JENDL-4.0

Minor 
Actinides

53 All from JENDL-4.0
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Fig. 6. 239Pu Prompt Fission Neutron Spectrum (PFNS) 
for 0.5 MeV incident neutrons, in ratio to a Maxwellian 
spectrum.  The mean value of the PFNS in ENDF/B-VII.1 
is the same as ENDF/B-VII.0, but the covariance data is 
new.
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RESULTS

This summary barely touches on the five years’ worth 
of advances present in the ENDF/B-VII.1 library.  We 
expect that these changes will lead to improved integral 
performance in reactors and other applications.  
Furthermore, the expansion of covariance data in this 
release will allow for better uncertainty quantification, 
reducing design margins and costs.

The ENDF library is an ongoing and evolving effort.  
Currently, the ENDF data community embarking on 
several parallel efforts to improve library management:

• The adoption of a continuous integration system to 
provide evaluators “instant” feedback on the quality of 
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* Major actinides essentially unchanged, 
* New U, 237Np, 238,240,241Pu, Am
* Rest of minor actinides from 
  JENDL-4
* Most actinides now 
  have covariance 
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In ENDF/B-VII.1, excellent 
agreement with ICSBP 
benchmarks maintained

 Because only minor 
actinides were changed, the 
agreement with FAST and 
bare systems were 
maintained

 Good agreement of minor 
actinides vs. benchmarks 
evident in new reaction 
spectra index tests:
• FUND-IPPE (Russia)
• Flattop-25 (LANL, USA)
• PROFIL (CEA, France)
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Only change to 239Pu: 
addition of prompt fission 
neutron spectrum covariance

 Talou et al (LANL) retrofitted using Madland-Nix model
 Valuable contribution enabling full QMU studies in Pu 

systems (previously only nubar and cross section 
covariance available)
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Many of the changes to the light 
nuclei were quite dramatic
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FIG. 4: Neutron capture on 3He. Compared are cross sec-
tions in ENDF/B-VII.1 (red curve) with those in ENDF/B-
VII.0 (black line), and with experimental data from n+3He
capture (green triangles) and inverted γ+4He photodisinte-
gration (blue circles).

2. 4He

The recent cross-section evaluation for neutrons on
4He came from an R-matrix analysis of reactions in the
5He system that has been used for many years at Los
Alamos to provide data for thermonuclear applications.
For that reason, the analysis extends to neutron energies
well above 20 MeV, but for simplicity, the new evaluation
is truncated there to keep it single-channel. A summary
of the channel structure and data included in the analysis
is given in Table VII. More than 2700 data points are fit-
ted with 117 parameters, giving a chi-square per degree
of freedom of 1.5. The n − α scattering data, including
the total cross section, are in excellent agreement with
calculations from the fit parameters. The fit to the total
cross section is shown in Fig. 5.

3. 6Li

The R-matrix analysis of the 7Li system contains data
for all possible reactions among t+4He and n+6Li at ener-
gies extending from the t+4He threshold (well below the
n+6Li threshold) up to energies corresponding to 4-MeV
incident neutrons. Also included are n+6Li* channels to
simulate the effects of n + d + α breakup. This is sum-
marized in Table VIII. One sees that a very good fit
is obtained to the more than 3900 data points included,
with a chi-square per degree of freedom of 1.80.

The fit to the t+4He scattering data, which have very
small uncertainties, is quite good. Examples are given

TABLE VII: Channel configuration (top) and data summary
(bottom) for each reaction in the 5He system R-matrix anal-
ysis.

Channel ac (fm) lmax

n+4He 3.0 5
γ+5He 6.0 1
d+3H 5.1 5

n+4He* 5.0 1

Reaction Range (MeV) # Data Types # Data Pts.
4He(n, n)4He En = 0 − 28 2 817
3H(d, d)3H Ed = 0 − 8.6 6 700
3H(d, n)4He Ed = 0 − 11 14 1185
3H(d,γ)5He Ed = 0 − 8.6 2 17
3H(d, n)4He* Ed = 4.8 − 8.3 1 10

Total 25 2729





      





























FIG. 5: R-matrix analysis for 4He.

in Figure 6 at triton energies of 8 and 12 MeV, which
are near the obvious resonance structure in the 6Li(n, t)
reaction at En = 0.24 and 2.2 MeV (see Fig. 7).
These high-precision charged-particle elastic scattering
measurements [39] put stringent constraints on fitting
the neutron data through properties of multichannel R-
matrix theory, such as the unitarity of the scattering ma-
trix.

Another important set of measurements in this analy-
sis are the relatively recent absolute differential cross sec-
tion measurements for the 6Li(n, t)4He reaction done at
the LANSCE/WNR facility at Los Alamos. These mea-
surements confirmed the angular distributions measured
at lower energies, and gave additional evidence for the
presence of a 3/2− resonance near En=2.2 MeV that had
been seen in other data. They also indicated somewhat
higher integrated cross sections for the reaction in the
MeV region up to about 8 MeV than had been obtained
in previous ENDF (and ENDL) evaluations.
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FIG. 7: Integrated cross section for the 6Li(n, t)4He reaction
at energies between 0.1 and 10 MeV, showing ENDF/B-VII.1
(red curve), ENDF/B-VII.0 (black curve), and the experi-
mental data of Macklin [40] (green triangles), Drosg [41] (red
crosses), and WNR [42] (blue circles).

limited by the ENDF-6 format to resonance parame-
ter uncertainties and correlations while uncertainties in
nuclear radii cannot be treated directly. The “normal-
ization/background/radius” effects were represented ap-
proximately by adjusting the File 32 uncertainties for the
external RPs and for selected resonances in the energy
range of the evaluation. Since the resonance parameter
representation does not include the direct capture (DC)
part of the capture cross section, the DC component was
included as a “background” 1/v cross section in File 3,
sections 1 and 102. At E = 0.0253 eV, the 35Cl (37Cl) DC
cross section is 0.16 (0.31) b, which is a small (large) frac-
tion of the overall capture cross section of 43.60 (0.433)
b. The upper energy limit for the DC cross section is es-
timated to be 10 (100) keV for 35Cl (37Cl). The 1/v cross
section was extended to 1.0 MeV to ensure continuity in
the evaluation range. Cross section at the thermal val-
ues for 35Cl and 37Cl calculated at room temperature are
displayed on Table IX. The uncertainties in the thermal
cross sections were calculated with PUFF-IV using the
resonance parameter covariance data.

2. 39,41K

Evaluations of 39K and 41K neutron cross sections in
the resolved resonance region were done with the mul-
tilevel Reich-Moore R-matrix formalism of the SAMMY
code. The evaluation incorporates recent high-resolution

TABLE IX: Thermal cross sections and their uncertainties for
35,37Cl+n in barns.

Isotope Cross Section VII.1 VII.0 Atlas
35Cl Capture 43.60±0.52 43.67 43.60±0.40

Total 64.76±0.68 65.12 64.70±0.50
Scattering 20.68±0.35 20.97 20.60±0.30
(n,p) 0.480±0.029 0.48 0.48±0.014

37Cl Capture 0.433±0.006 0.433 0.433±0.006
Total 1.583±0.050 1.593 1.583±0.050
Scattering 1.15±0.05 1.16 1.15±0.05

capture and transmission measurements made at ORELA
to extend the resolved resonance energy range up to 1.0
MeV with a much more accurate representation of the
data than previous evaluations. The data include trans-
mission measurements by Guber et al. [50] and Harvey,
et al. [51] on the 80-m flight path at ORELA; total cross
section data of Cierjacks et al. [52] on a 57-m flight path
performed at the Karlsruhe Isochronous Cyclotron; and
measurements of Singh, et al. [53] done at the 200-m flight
path at the Columbia synchrocyclotron. Also included in
the evaluation were the high-resolution capture cross sec-
tion of Guber et al. measured in the energy range of 0.1
keV to 600 keV and an older low resolution capture data
of Joki, et al. [54] done in the energy region from 0.02 eV
to 10 eV. We have included resonance parameters (RPs)
in File 2, MT151, and the corresponding resonance pa-
rameter covariances in File 32, MT15. The Reich-Moore
format with LRF=3 and LCOMP=1 was utilized. The
applicable energy range is 10−5 eV to 1.0 MeV. At 1.0
MeV the File 3 total and elastic cross section values for
the previous ENDF evaluations were adjusted slightly to
join smoothly with the resonance parameter values. For
capture cross sections above 1 MeV, the previous ENDF
39K theoretical values were normalized to 0.436 mb at
1 MeV, and the 41K values were normalized to match
the data of reference [55] at 1 MeV. Since the resonance
parameter representation does not include the direct cap-
ture (DC) part of the capture cross section, the DC com-
ponent was included as a “background” 1/v cross section
in File 3, sections 1 and 102. At E = 0.0253 eV, the cal-
culated DC cross section for 39K (41K) is 0.80 (0.52) b,
which is a large fraction of the overall capture cross sec-
tion of 2.10 (1.46) b. The upper energy limit for the DC
cross section is estimated to be 100 keV. Therefore, the
“background” 1/v cross section was terminated at this
energy value.

Table X gives a comparison of the thermal elastic, cap-
ture and total cross sections at room temperature with
the data listed in the Atlas. Also shown in Table X
are the thermal values calculated with ENDF/B-VII.0.
The quoted uncertainties, obtained from File 32, reflect
the rather large experimental uncertainties in the ther-
mal values. The thermal scattering cross-section for 41K
in the Atlas is almost 3 times smaller than that of the
present evaluation. The reasons for the discrepancies are
not known.
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FIG. 9: Total cross section for n+9Be, showing ENDF/B-
VII.1 (red curve), ENDF/B-VII.0 (black curve), and the data
from Danon (green triangles) and others (black crosses).
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FIG. 10: Neutron capture on 9Be. The red curve is ENDF/B-
VII.1, the black curve is ENDF/B-VII.0, and the circles are
measured values.

Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 11: Neutron capture on natC. Compared are cross sec-
tions in ENDF/B-VII.1 with ENDF/B-VII.0.
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FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
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capture and transmission measurements for enriched 48Ti
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tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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VII.1 (red curve), ENDF/B-VII.0 (black curve), and the data
from Danon (green triangles) and others (black crosses).
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Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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FIG. 9: Total cross section for n+9Be, showing ENDF/B-
VII.1 (red curve), ENDF/B-VII.0 (black curve), and the data
from Danon (green triangles) and others (black crosses).
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FIG. 10: Neutron capture on 9Be. The red curve is ENDF/B-
VII.1, the black curve is ENDF/B-VII.0, and the circles are
measured values.

Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 11: Neutron capture on natC. Compared are cross sec-
tions in ENDF/B-VII.1 with ENDF/B-VII.0.
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FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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Zr needed to be reworked for 
ENDF/B-VII.1

 ENDF/B-VI.8 fitted 
natZr(n,tot), but missed 
outgoing dists.

 ENDF/B-VII.0 is 
EMPIRE evaluation, 
but not fitted

 Attempted re-evaluation 
for ENDF/B-VII beta, but 
that version tested poorly 
• Leakage problems (not leaky enough!)
• Suspected problem (n,el) angular distributions
• Lead evaluator had health issues that prevented him from 

fixing evaluation

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.
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FIG. 45: natZr(n,tot) cross section. The ENDF/B-VII.1 eval-
uation preserves the data-driven fluctuations present in the
older ENDF/B-VI.8 evaluation.

components. We took the energy-dependence of the
level spacing to be the Gilbert-Cameron level density
formula with associated parameters from Mughabghab
[35, 126]. Further, we took the energy-dependence of
capture widths to be the generalized Fermi liquid model
[126] with associated parameters from [35]. We use an
effective scattering radius of 7.2 fm in the URR.

Fast neutron region
Because the Zr isotopes are so close to a closed shell, the
total and elastic cross sections exhibit pronounced fluctu-
ations up to nearly 1 MeV. To preserve these fluctuations,
which were present in the original ENDF/B-VII.8 eval-
uation and integral testing suggests are important, we
used EMPIRE’s ability to tune cross sections to data to
match natZr(n,tot) (see Fig. 45). Total cross sections
in all of the Zr isotopes were tuned with the same fac-
tors while elastic cross sections were obtained subtract-
ing non-elastic channels from the total. Whilst strictly
speaking this is not correct, it preserves the transport
cross section for natZr while leaving the activation cross
sections for the individual isotopes unchanged. Model
calculations in the fast energy range were based on nu-
clear model calculations using the EMPIRE code [82].
Starting values for nuclear model parameters were taken
from the RIPL recommendations [85]. A dispersive OMP
(RIPL 609) [85] based on soft rotor couplings was used
to describe the incident channel on even-even targets; the
same potential with rigid-rotor couplings (RIPL 611) was
employed to describe the incident channel for even-odd
isotopes. The optical model calculations for the incident
channel of even-even Zr isotopes were performed with
the OPTMAN code [149], which is capable of including
soft-rotor couplings. All other optical model calculations
were performed with the ECIS code [87] that is incor-
porated into the EMPIRE system. TUL multistep di-
rect and the Heidelberg multistep compound models were
employed to describe the preequilibrium neutron emis-
sion; proton, gamma and cluster pre-equilibrium emis-
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FIG. 46: natZr(n,el) double differential cross section for neu-
trons with incident energy 3.6 MeV. The ENDF/B-VII.1 eval-
uation tracks the shape of JENDL-4.0, but with the normal-
ization controlled by the fluctuations in Fig. 45.

sion was calculated using a one-component exciton model
(PCROSS). Hauser-Feshbach [88] and Hofmann-Richert-
Tepel-Weidenmüller [89] versions of the statistical model
were used for the compound nucleus cross section calcula-
tions. Both approaches account for the multiple-particle
emission and the full gamma-cascade. Level densities
were described by the (semi)-microscopic parity depen-
dent Hartree-Fock-Bogoliubov level densities [85].

Extensive comparison of the calculated elastic angular
distributions with the wealthy amount of experimental
data (about 150 plots) demonstrated that JENDL-4.0
using the Walter-Guss OMP below 6 MeV, and Koning-
Delaroche OMP above 6 MeV describes measurements
better, especially at low incident energies. Since KAPL
sensitivity studies indicated that elastic angular dis-
tributions might be of importance for their integral
testing we adopted the (n,el) angular distributions from
JENDL-4.0. A sample angular distribution is given
in Fig. 46. It can be seen that our tuning of the
elastic cross sections slightly improves agreement with
the experimental data. Benchmarking performed with
the suite of 22 integral experiments (see accompanying
validation paper [8]) confirmed that switching to the
JENDL angular distributions reduces over prediction
of the TRIGA 132 and 133 reactivities by 50% bring-
ing our results well within the experimental uncertainties.

Covariance data
We added the Zr point-wise covariance data which
were used to produce group-wise COMMARA-2.0 [150]
library to the evaluations. In the thermal and resolved
resonance region we made use of the covariance formal-
ism based on the kernel approximation along with data
in the Atlas of Neutron Resonances. In the fast neu-
tron region covariance estimates were calculated using

2929
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We took over the evaluation
and made a few key changes

 Found backward peaked low energy neutron dists. - 
now patched using JENDL-4

 S. Mughabghab reevaluated the RRR:
• 90Zr all new
• 91Zr first pass at fixes

12

Zirconium evaluations

H. I. Kim, S. Mughabghab, M. W. Herman, R. Capote, A. Trkov, and R. Arcilla
(Dated: September 21, 2011)

A. Zr

Rationale for new evaluation

Zirconium is used in fuel rods cladding due to its
corrosion-resistance and low thermal neutron absorption
cross-section. It is also considered in advanced reac-
tor design studies as a moderator (in the form of zir-
conium hydride) and as inert matrix fuel material. The
ENDF/B-VI.8 files evaluated in the 1970’s relied heav-
ily on experimental data and lacked quantities such as
double-di↵erential cross sections and gamma production.
Therefore the preliminary version of ENDF/B-VII.0 fol-
lowed recommendations of the WPEC Subgroup 23; in
most cases CSEWG adopted neutron resonances recom-
mended by Mughabghab [1] and JENDL-3.3 evaluations
in the fast neutron range, except 90Zr where CSEWG
favored the BROND-2 evaluation. These evaluations
turned out to perform worse than ENDF/B-VI.8, show-
ing an undesirable drop in the reactivity when tested
by KAPL and Bettis [2]. Sensitivity studies indicated
that this shortage could be counteracted by increasing
the elastic cross section in 90Zr. The NNDC (BNL) per-
formed a new evaluation of the fast neutron region in 90Zr
using the EMPIRE code and dispersive optical model
potential for 105Pd [3], which provided acceptable de-
scription of the total cross section on 90Zr and confirmed
the higher elastic scattering cross section. This evalua-
tion was accepted by KAPL and Bettis and adopted by
CSEWG for the final release of ENDF/B-VII.0.

Integral testing of ENDF/B-VII.0 performed after its
release revealed that the new set of Zr evaluations over
predicts reactivity in the TRIGA C132 and C133 bench-
marks by more than 500 pcm. In addition, new not
yet published measurements of the total cross section on
natural Zr performed by RPI indicated that ENDF/B-
VI.8 values were much closer to the new data than those
of ENDF/B-VII.0. Finally, continued testing at KAPL
showed that ENDF/B-VI.8 performance was still supe-
rior compared to all modern libraries. This can be viewed
as a clear case in which a dated evaluation using little the-
ory but hooked to the experimental data is better than
more recent evaluations using far more advanced model-
ing but paying less attention to the measurements.

In the old ENDF/B-VI.8 evaluation and in the exper-
imental data, there are pronounced fluctuations in the
total and elastic cross sections below 1 MeV indicating
either resonance structure or potentially insu�cient level
density for statistical model treatment, most likely re-
lated to the closed neutron shell in 90Zr. In the new eval-
uations we describe below, we attempt to preserve the
completeness of the model based evaluations without los-
ing the experimental information that cannot be repro-

TABLE I. Calculated thermal cross sections (�T ) and reso-
nance integrals (I�) for

90Zr and 91Zr.
90Zr 91Zr

Reaction �T (barn) I� (barn) �T (barn) I� (barn)

Total 5.50762 - 11.0729 -

Elastic 5.49765 - 9.85728 -

Capture 9.97256⇥10�3 0.132506 1.21566 6.0062

duced within reaction theory. While doing this, we make
use of advanced approaches such as coupled-channel soft-
rotor optical potential and microscopic, parity dependent
level densities.
Resonance region

New resonance region evaluations were developed for 90Zr
and 91Zr. Table I summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: The ENDF/B.VII.0 thermal capture cross sec-
tion, 77 mb, was taken from the Atlas recommendations
[1]. This value was obtained by the subtraction method,
so a thermal capture cross section of 0.830 ± 0.083 b for
91Zr was adopted, based on the measurements of Lone [4].
A more recent measurement by Nakaruma et al. [5] re-
ported a low limit of 1.30± 0.04 b for the thermal capture
cross section of 91Zr indicating that the derived thermal
capture cross section for 90Zr is over-estimated. There-
fore, we removed the bound level at -234 eV but otherwise
adopted the ENDF/B-VII.0 resonances. The computed
thermal capture cross section from the positive-energy
resonances is 10 mb, which is in good agreement within
the uncertainty limits with a measured value of 14+8

�4 mb
[4]. We truncated the resolved resonance region at 53.5
keV.

91Zr: As mentioned above, to be consistent with the
natural zirconium capture cross section, we derived a
thermal capture cross section of 1.216 b using two bound
levels to describe the thermal capture cross section and
bound coherent and incoherent scattering lengths [1].
This is consistent within two standard deviations of [5].
We also adopted resonance parameters below 20 keV and
an e↵ective scattering radius of 7.2 fm from Mughabghab
[1]. We assume average radiative widths of 127 meV
and 223 meV for those s- and p-wave resonances, re-
spectively, for whose widths were not determined from
measurements [1, 6, 7]. We assigned ` values that had
not been determined from measurements by applying the
Bayesian approach while undetermined J values were as-
signed randomly to follow the 2J+1 rule. With these
parameters, we compute the Wescott factor for capture
as gw = 1.0031. In the unresolved resonance region, we
deduce an average level spacing and strength functions
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New Zr evaluations perform 
well in TRIGA and ZPR 
assemblies

13

-1000 

-750 

-500 

-250 

0 

250 

500 

750 

1000 

k(
ca

lc
) -

 k
(b

en
ch

m
ar

k)
, p

cm
 ENDF/B-VI.8 

ENDF/B-VII.0 
ENDF/B-VII.1 

Monday, March 5, 12



New decay sublibrary enables 
more accurate decay heat 
calculations
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In addition to the incorporation of new and updated
data from ENSDF, the new ENDF/B-VII.1 contains a
number of modifications, additions and error resolutions,
compared with ENDF/B-VII.0. These include a more
thorough treatment of the atomic radiation, improved
Q value information, recent theoretical calculations of
the continuous spectrum from beta-delayed neutron emit-
ters, and new TAGS (Total Absorption Gamma-ray Spec-
troscopy) data.

Atomic radiation, X-rays and Auger electrons, are pro-
duced from the filling of atomic vacancies created in elec-
tron capture and electron conversion. A detailed de-
scription of these processes is important for nuclides for
which the main decay mode is electron capture. It is
also relevant in heavy deformed nuclei where gamma-ray
transitions are strongly converted, as well as in the de-
formed actinides where the gamma-ray transition energy
is smaller than the K binding energy. In ENDF/B-VII.0,
the atomic data included fluorescence yields, energies and
intensities taken from the 8th edition of the Table of Iso-
topes [259].

In the new ENDF/B-VII.1, the atomic data from the
Evaluated Atomic Data Library [260] developed by LLNL
was used, in a similar way to the calculations described
by Stepanek [261]. All the K-L, K-M and K-N as well
as the Lα, Lβ and Lγ X-rays are included. In addition,
the KLL, KLX, KXY, LLX, LMM, LMX, LXY, MMX,
and MXY average Auger electrons are also listed. The
electron conversion to atomic sub-shells was calculated
with the code BRICC [262].

An essential component of any decay process is the
total energy available for the decay (Q value). The pre-
vious ENDF/B-VII.0 makes use of the 2003 Audi mass
evaluation [263]. Since then, with the advent of multi-
ple Penning traps around the world, numerous masses
of both neutron and proton rich nuclei have been mea-
sured with very high precision. These are incorporated
into the 2009 and 2011 updates of the mass evaluation
and have been used in creating the ENDF/B-VII.1 decay
sublibrary. Changes in the overall Q value for a decay im-
pact the values of energy for electromagnetic radiation,
light particles, and heavy particles.

In some neutron rich nuclei, beta-decay followed by
neutron emission is an energetically favored decay mode.
The resulting neutron spectrum is very difficult to mea-
sure experimentally and data are available for only a se-
lect few cases. As this decay mode has particular rel-
evance for energy applications, ENDF/B-VII.1 includes
new theoretical calculations using the Cascading Gamma
Multiplicity (CGM) model of continuous gamma, beta,
and neutron spectra [264]. The calculations were per-
formed for beta-delayed neutron emitters which comprise
the thermal neutron fission fragment yield of 235U and
239Pu. The previous ENDF/B-VII.0 modeled the neu-
tron spectrum using Gross theory whereas in the present
calculations, a micro-macroscopic (QRPA) theory of the
beta-decay strength function is coupled with a statistical
modeling of the levels and continuum in the daughter nu-

FIG. 102: Decay heat multiplied by time for a single fission
event for 235U(n,f) at neutron thermal energy. Shown are the
electromagnetic (blue) and light particle (red) components of
the decay heat. ENDF/B-VII.1 values are compared with
experimental data [267].

cleus. Depending on the known available data, different
types of files were generated. For those nuclei where the
complete neutron spectrum is known, the neutron data
from ENDF/B-VI.8 was combined with the beta-decay
data in ENSDF, as in 136I. In cases where only a portion
of the neutron spectrum is measured, the neutron data
from ENDF/B-VI.8 were merged with the CGM calcu-
lations to provide a complete neutron spectrum up to
the available Q value. For those nuclei where no neutron
data are available, but detailed gamma and beta radia-
tion have been determined, the information from ENSDF
was combined with the neutron spectrum from the CGM
calculations. Finally, for those nuclei where no measure-
ments have been performed, the theoretical calculations
provided the gamma, beta, and neutron spectra. The
values of Pn (delayed neutron emission probability) were
taken from ENSDF when experimentally known; other-
wise, the values from the CGM calculations were used.
Lifetimes were also taken from ENSDF when experimen-
tally known, otherwise the systematic values provided by
Pfeiffer et al. [265], were adopted.

Total Absorption Gamma-ray Spectrometry (TAGS) is
sensitive to the total beta-decay population of all nuclear
levels, rather than to individual, discrete gamma-rays.
Particularly in cases where the Q value is quite large, dis-
crete gamma rays can be missed, and the TAGS method is
preferred for an accurate measurement of the total beta-
decay strength. The values of energy of electromagnetic
radiation and energy of light particles from the recently
published TAGS data for 105Mo, 104,105,106,107Tc [266],
were included in ENDF/B-VII.1.
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Every evaluation needs to be 
checked and we humans can’t 
seem to do it right 

 The Problem:
• We should not have to wait for Skip to get back from vacation to 

tell us if NJOY barfed...
• Nobody seems to remember to run CHECKR...

 A Solution: “continuous integration”, a common practice 
in software development.  Every commit or every hour 
(you pick), retest any evaluation that changed.

 As a result, bugs are discovered as soon as data is 
committed

 To Implement: 
• Trigger by subversion
• Run all checking and processing codes automatically
• Automatically parse all messages & build report

15
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Prototype system was 
invaluable in preparing 
ENDF/B-VII.1

16
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NNDC is standing up a simple 
validation system and it should 
be ready by early 2012

17
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Other longer term changes are 
in the works

 New data:
• Activation/dosimetry reactions ?
• Expanded charged particle library (porting ENDL2011 charged 

particle sublibrary)
• Filling holes in reaction networks
• Eliminate last elemental evaluation from transport library: natC

 New format:
• Most likely based on Generalized Nuclear Data format
• USNDP/CSEWG actively participating 
• WPEC hopefully to form to collect international input 

 Investigating possibility of international, unified 
evaluated nuclear data library

18
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 Introduction to ENDF/B-
VII.1

 New neutron 
evaluations:
• All new
• JENDL-4.0

 FPY
 Covariance data in 

neutron sublibrary
• LoFi
• COMMARA-2.0
• JENDL-4.0
• All new, including PFNS

 Decay sublibrary
 What’s next
• ADVANCE
• Charged Particles
• GND
• Activation data
• WELL

20
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239Pu Fission Product Yields 
reevaluated and 14 MeV point 
changed
 A study on fission spectrum neutron FPY for 

plutonium identified that the England and 
Rider (ENDF/B-VI) data are too low by 4% 
for 99Mo, an important reference fission 
product. Our new evaluation corrects this, 
and introduces information on the neutron 
incident energy dependence of FPY over the 
fast region from 0.5–2 MeV for the first time, 
which is needed for high-accuracy deter- 
minations of fission burnup in fast systems. 
In the course of this work we also have noted 
that we feel the previous evaluations in use 
at Livermore dating back to 1985, JEFF, and 
the CEA (Laurec’s work) are too low by 
typically 5–10% for the important dosimetry 
fission products 95Zr , 99Mo , 137Cs , 140Ba 
141,4Ce, and 147Nd, for fission spectrum 
neutrons incident on plutonium.

21
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Abstract 

We review the results of NCSP sponsored data testing for the ENDF/B-VII.1 

Neutron Library during FY11. 
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Introduction 

 The ENDF/B-VII.1 General Purpose Nuclear Data File 

was released in December, 2011. 

• Followed data testing and analyses of several “beta” files 
during 2011. 

 In parallel, the December, 2011 issue of the Nuclear 

Data Sheets contained a number of peer-reviewed 

technical papers documenting much of the 

underlying work performed to develop these data 

files. 

• This report summarizes LANL’s contribution to the data validation 
effort of the ENDF/B-VII.1 Neutron Sub-Library. 
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Introduction 

Slide 4 

Nuclear Data Sheets, 
112, 2997 (2011). 

We focus on LANL 
work below, but the 
complete validation 
effort was a multi-lab 
(and multi-country!) 
effort. 
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LANL Data Validation Work 

 Mostly ICSBEP Benchmark Eigenvalue Calculations 

using MCNP5 

• All data files were processed into ACE format using NJOY. 
• Linear-linear interpolation tolerance set to 0.1%. 
• Only room temperature (INL used 900K & 1500K data). 

 ICSBEP Nomenclature Reminder – XXX-YYY-ZZZ-### 

• XXX = Fuel (HEU, IEU, LEU, Pu, MIX(U/Pu), U233, SPEC). 
• YYY = Fuel Form (MET (metal), COMP (compound), SOL 

(solution)). 
• ZZZ = Spectrum (FAST, INTER, THERM). 
• ### = sequential index. 
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LANL Data Validation Work 

 ICSBEP usefulness is extended by using multiple 

benchmarks where an easily measured attribute 

varies 

• HMF7 – ORNL experiment with HEU plates and polyethylene. 
— Multiple cases with varying polyethylene causes systematic change in 

average fission energy 
• HMF66 or HMF77 – LLNL experiments with varying amounts of Be 
• HMF34, HMF79, HMM15 – Russian experiments with Titanium 

and polyethylene 
— Ti is axial reflector (variable thickness) or diluent with varying 

polyethylene 
— Other HEU/HMM or other fuel systems with varying structural 

materials and polyethylene (Al, V, Fe, W) 
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LANL Data Validation Work 
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Summary of 

Related VNIITF 

Experiments 

currently in the 

ICSBEP 

Handbook 
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LANL Data Validation Work 

 Three Types of Results 

• “Do No Harm” – If we had accurate eigenvalue predictions with 
previous cross section files, are we still accurate? 
— Maybe no change to the important data files, or have eliminated 

cancelling errors. 
• If we had poor results before, have we made changes (consistent 

with the underlying microscopic data!) that lead to improved 
eigenvalue predictions? 

• If we had poor results before, and have made no changes in the 
important cross sections, are the previous results confirmed? 
— At least we have processed the basic nuclear data files in a consistent 

manner. 
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A “Do No Harm” Example - FAST 
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“Open” squares 
are E71; “Solid” 
squares are 
E70. 

LANL Historical 
Critical 
Assemblies   

Previous good 
results are 
retained (as 
expected). 
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A “Do No Harm” Example - THERMAL 
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E71 Regression 
Coefficients are 
identical to 
those obtained 
with E70 Cross 
Sections. 

Previous good 
results are 
retained (as 
expected). 
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Improved (“Goldilocks”) Example 
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Ti bearing 
assemblies 

ENDF/B-VI.8 
is “too cold” 

ENDF/B-VII.0 
is “too hot” 

ENDF/B-VII.1 
is “just right”! 
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Ti Bearing Assemblies – Another View 

Slide 12 

Calculated 
Eigenvalues 
versus Fission 
Energy. 

No trend 
observed over  
a four decade 
variation in 
energy. 
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W Bearing Assemblies – Another Success 
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Cross Section Data Set 

HMF49.1 HMF49.2 
HMF49.3 HMF50 
HMM17 PMF5 
UMF4.1 UMF4.2 

E71 Calculated 
Eigenvalue 
Spread is signifi-
cantly reduced 
compared to E70 
or E68. 

Revised W evalu-
ations were contri-
buted to the 
ENDF/B commu-
nity by the IAEA. 
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Another Large Variation in Energy 
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HMF7 (ORNL) 

Moderation 
via varying 
amounts of 
CH2 placed 
between and 
surrounding a 
set of HEU 
plates. 

E71 (or E70) 
eigenvalues 
are about 300 
pcm larger 
than E68. 
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Poisoned Solution and Lattice Systems - I 
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Large 
variation in 
calculated 
eigenvalues, 
but in 
general E71 
based 
results are 
superior to 
E70. 
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Poisoned Solution and Lattice Systems - II 

Slide 16 

“Base Case” 
(LCT2) calc-
ulated eigen-
value is 
about 200 
pcm less. 

Potential 
decrease in 
Gd absorp-
tion would 
make this 
comparison 
even worse. 
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Poisoned Solution and Lattice Systems - III 

Slide 17 

LCT79 
Calculated 
Eigenvalues 

UO2 lattice 
assembly 
with varying 
amounts of 
103Rh (a 
fission 
product 
poison). 
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Where We Need More Work - Lead 

Slide 18 

Water modera-
ted attice 
systems with and 
without metal 
reflectors. 

Steel (Fe) and 
deplU results are 
good; Pb results 
are poor. 

HMF with Pb is 
also poorly 
predicted. 
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Pu Solution Systems 
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Calculated 
Eigenvalues 
are historically 
biased high by 
500 pcm or so; 
no change, as 
expected, in the 
current results. 

This is the 
subject of a 
WPEC Sub-
Group 
(ORNL/LANL/ 
ANL/Europe). 
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Pu Solution Systems – Another View 
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Even when 
focus on a 
single PST 
Series no 
obvious trend 
that relates 
back to the 
fundamental 
nuclear data 
has been 
observed. 
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233U Intermediate and Thermal Systems 
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A long-standing 
bias in calcu-
lated eigen-
values; little 
change in E71 
results. 

Black circles are 
UCT (LWBR) 
related; a 
successful 
though little 
publicized NR 
program); were 
we lucky? 
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Benchmarks with Zr 
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Cross Section 
revisions by 
BNL have 
moved E71 
based C/E 
results closer to 
unity. 

TRIGA change 
from E68 to E70 
was particularly 
worrisome. 
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Benchmark Measured 
MCNP5-1.60 

ENDF/B-VII.0 ENDF/B-VII.1 

Jezebel-23 -100(1) -108(1) -104(1) 

Flattop-23 -26.7(5) -30.2(4) -28.6(4) 

Godiva -111(2) -113(2) -113(2) 

Flattop-25 -38.2(2) -39.7(2) -39.6(0.2) 

Zeus-1 -0.338(8) -0.363(2) -0.360(2) 

Zeus-5 -7.96(8) -10.8(1) -10.8(1) 

Zeus-6 -3.73(5) -4.14(3) -4.19(3) 

Big-Ten -11.7(1) -11.8(1) -11.8(1) 

STACY-30 -0.0127(3) -0.0133(3) -0.0127(3) 

STACY-46 -0.0106(4) -0.0104(2) -0.0109(3) 

Jezebel -64(1) -65(1) -64(1) 

Flattop-Pu -21.4(5) -21.0(3) -20.8(3) 

THOR -19(1) -20(1) -21(1) 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

LA-UR-12-20002 

 233U results are in better agreement with experiment 

for ENDF/B-VII.1 (compared to ENDF/B-VII.0). 

• Possibly because of improvements to 233U inelastic 

cross section. 

 

 Otherwise, results generally consistent with those 

obtained with ENDF/B-VII.0 data. 
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LANL Data Testing Conclusions 

 Good E71 Calculated Eigenvalues for FAST (HEU, Pu, 
233U; Bare and natU Reflected) Systems (as expected) 

 Good E71 Calculated Eigenvalues for HST Systems 

(as expected) 

 Good E71 Calculated Results for Uranium Systems 

from FAST to THERMAL 

• Accurate CH2 and Ti/CH2 results. 

 Good E71 Calculated Eigenvalues for LCT Systems 

• Accurate Steel (Fe) and deplU reflected system calculated 
eigenvalues. 
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LANL Data Testing Conclusions 

 But we’re not done yet! 

• FAST and THERMAL Pb reflected system calculated eigenvalues 
are biased high. 

• Pu solution system calculated eigenvalues are biased high. 
— A long-standing unresolved issue. 

• 233U thermal and intermediate spectrum calculated eigenvalues 
exhibit a significant trend with Above-Thermal Fission Fraction. 

• Unresolved questions remain with respect to the true thermal 
absorption cross section for 155Gd. 
— Microscopic data from RPI supports a decreased value; integral data 

testing supports the current value or a small increase. 
• Further data (both microscopic and integral) are needed to better 

understand the calculated eigenvalues for Be reflected systems 
— Discussed last year; nothing new to report this year. 
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Abstract 

We review the results of NCSP sponsored data evaluation work performed 

to support development and release of the ENDF/B-VII.1 Neutron Library 

during FY11. 
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Introduction - I 

 The ENDF/B-VII.1 General Purpose Nuclear Data File 

was released in December, 2011. 

• Followed data testing and analyses of several “beta” files 
during 2011. 

 In parallel, the December, 2011 issue of the Nuclear 

Data Sheets contained a number of peer-reviewed 

technical papers documenting much of the 

underlying work performed to develop these data 

files. 

• This report summarizes LANL’s contribution to the data evaluation 
effort of the ENDF/B-VII.1 Library. 
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Introduction - II 

Slide 4 

Nuclear Data Sheets, 
112, 2888 (2011). 

We focus on LANL 
work below, but the 
complete evaluation 
effort was a multi-lab 
(and multi-country!) 
effort. 
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Introduction - III 
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Nuclear Data Sheets, 112, 3054 (2011) 
Nuclear Data Sheets, 112, 3120 (2011) 
Nuclear Data Sheets, 112, 3135 (2011) 
 

The NCSP Program benefitted from an overlap 
in interest from the Advanced Simulation and 
Computing (ASC), Physics and Engineering 
Models Program (PEM). 
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ENDF/B-VII.0 Deficiencies Addressed 
 238,240Pu 

 Minor actinides (236,237,239U, 237Np, 242Pu, 241,243Am) 

 Minor actinides (Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm) 

 Light Elements (Astrophysics, Capture Cross Sections) 

 Structural materials (Ti, V, Mn, Cr, Ni, W) 

 Fission Product Thermal Capture 

 Fission Product Yields (FPY) 

 Delayed Neutron (DN) Data 

 Covariances (Fast Energy Range, Actinides) 

 Thermal Kernel Processing for MCNP 

 NOTE:  Major actinide (235,238U, 239Pu) evaluations are 

unchanged (except for reverting to ENDF/B-VI.8 DN data)  

Slide 6 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

LA-UR-12-20003 

238,240Pu 

 Updated old (1978, 1986 respectively) evaluations 

previously carried forward from ENDF/B-V or -VI 

 Mix of modern GNASH calculations and recent 

experimental data 

 This work performed prior to 2011 and has been 

discussed previously. 
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LA-UR-12-20003 Minor actinides 

(236,237,239U, 237Np, 242Pu, 241,243Am) 

 Revised fission and capture cross section 

evaluations based upon integral data testing 

feedback. 

 LLNL surrogate data used to update the 239U 

evaluation. 

 Much of the basic re-evaluation work pre-dates 2011; 

integral data testing has occurred in 2010 & 2011 … 
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236,237U – LANL Integral Reaction Rate Data 
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238U – LANL Integral Reaction Rate Data 
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241,243Am – LANL Integral Reaction Rate Data 
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LA-UR-12-20003 
Minor actinides 

(Ac, Th, Pa, U, Np, Pu, Am, Cm, Bk, Cf, Es, Fm) 

 Replace many (59) minor actinide evaluations with 

JENDL-4.0 data 

• Include missing MT=458 (components of energy release due to 
fission) data with LLNL / Ramona Vogt evaluation. 

Slide 12 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

LA-UR-12-20003 

Light Elements – 3He, 9Be, natC, 16O 

Slide 13 

This work initiated after deficiencies 
were noted by NNDC staff for 30 
keV Maxwellian average capture 
data. 
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Light Elements – 3He, 9Be, natC, 16O 
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(Ti, V, Mn, Cr, Ni, W) 

 Ti – Revised 48Ti evaluation (ORNL and LANL), based upon 

reported keff bias in critical assembly testing (next presentation), 

new ORNL RR evaluation and new LANSCE data. 

 V – Replace an elemental evaluation with isotopic evaluations 

(use JENDL-4.0 for the minor isotope, 50V).  51V updated to 

account for new gas-production data and modern reaction code 

calculations. 

 Mn – Update the 1988 evaluation (ORNL and LANL) to account 

for new (n,2n) and (n,γ) data and advanced reaction codes. 

 50,52,53,54Cr, 58,60Ni – ORNL revisions in the resolved resonance 

region; LANL revisions to high energy α production. 

 W – Update old (~1980 for ENDF/B-V) isotopic evaluations 

accounting for new data, advanced reaction models and integral 

data testing feedback; include missing 180W. 
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LA-UR-12-20003 48Ti Angular Distributions; 

Cr, Ni Alpha Production 
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48Ti - Revert to more forward 
peaked elastic scattering 
angular distributions, as in 
older evaluations. 
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Fission Product Thermal Capture 

 Revisions performed at BNL by Said Mughabghab 
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Fission Product Yields (FPY) 

 239Pu 
• Thermal FPY data are 

unchanged 
• Fission and 14 MeV 

energy FPY’s are revised 
— Fission energy includes 

0.5 MeV and 2.0 MeV 
incident neutron energy 
• Documented in 

Chadwick et al, Nuclear 
Data Sheets, 111, 2923 
(2010). 

— 14 MeV results docu-
mented in MacInnes et 
al, Nuclear Data Sheets, 
112, 3135 (2011). 
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Delayed Neutron (DN) Data 

 “Based upon unfavorable feedback there is evidence 

to suggest that the ENDF/B-VII.0 delayed neutron 

data are not as reflective of physical reality as the 

earlier ENDF/B-VI.8 delayed data”. 
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Quantify Uncertainties with Evaluated Data 
 LANL, T-2 work on major actinides in the fast energy range 

 Included: 

• Cross-sections for most important reactions; e.g., (n,capture), (n,fission), 
(n,2n), etc 

• Prompt fission neutron spectra and multiplicities for 239Pu, 235U and 238U 
thermal 

 Model calculations using T-2 nuclear reaction codes (e.g., CoH, 

GNASH, PFNS, …) + covariance analyses of experimental data + 

Bayesian statistics to combine both experiments and theory into 

evaluated files. 

 Full documentation in 
“Quantification of Uncertainties for Evaluated Neutron-Induced Reactions on Actinides 
in the Fast Energy Range”, P.Talou, P.G.Young, T.Kawano, M.Rising, and 
M.B.Chadwick, Nuclear Data Sheets 112, 3054 (2011).  
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Some examples 
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Prompt Fission Neutron Spectrum, nth+239Pu 

 “Uncertainty Quantification of Prompt Fission Neutron Spectrum for n(0.5 
MeV)+239Pu”, P.Talou, T.Kawano, D.G.Madland, A.C.Kahler, D.K.Parsons, 
M.C.White, R.C.Little and M.B.Chadwick, Nucl. Sci. Eng. 166, 254 (2010).  

Slide 22 



  

 

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy’s NNSA 

U N C L A S S I F I E D 

LA-UR-12-20003 

Thermal Kernel Processing for MCNP 

 Processed all thermal kernel data files in the ENDF/B-

VII.1 library; documented in LA-UR-12-00800. 

• Use NJOY and create “continuous” kernel files. 
• Requires use of MCNP5.1.50 or later. 

— File format is unchanged, , and so older versions of MCNP will 
execute but yield incorrect results. 

— “Continuous” files are significantly larger than previous “discrete” files 
but have little impact on kcrit runtime calculations. 

 New thermal data for ENDF/B-VII.1 is Si in SiO2. 

 Will be part of the nuclear data library included with 

the next MCNP release. 
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• Overseas colleagues (IAEA, JEFF, JENDL, KAERI, NRG/Petten, 

UK, Slovenia) 
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Fission Product Yields 

2 

•  ENDF/B-VII.0 
  COGFY (2010) (52 fast, thermal and 14 MeV targets) 
  England & Rider Database (789 nuclides for fast fission 235U) 
  LA-UR-94-3106, ENDF-349 
  New fast and 14-MeV  data for 239Pu in ENDF/B-VII.1 (2012) 
 
•  JEFF-3.1.1/FY 
  Original data from NUBASE (with some UKPADD64 data) 
  ~30 missing FPs for 235Uf (rare events) 
 
•  JENDL-4.0/FPY 
  Same as JENDL-3.2/FPY (based on JNDC-FP2) 
  IAEA-NDS-51, JAERI-M-89-204 and JAERI-1320 
   



Fission Product Decay 

3 

•  ENDF/B-VII.1 (references ENSDF 2011) 
  3921 FP half-lives, branching ratios, gamma energy spectra 
 
•  JEFF-3.1.1/RDD (references ENSDF 2007) 

  3851 FP half-lives, branching ratios, gamma energy spectra 
 
•  JENDL-FPDD2000 (references ENSDF 1993) 
  1230 FP half-lives, branching ratios, gamma energy spectra 
 
•  Bateman calculations completed to generate high-fidelity time-

dependent DFG emission multiplicity and spectra libraries (2011) 
 
 
 
 



Fission Product Decay – 90Rb (example #1) 

4 

•  ENDF/B-VII.1 (references ENSDF 2011) 
  95 discrete gammas 
  Total gamma energy yield of 2.029 MeV 
 
•  JEFF-3.1.1/RDD (references ENSDF 2007) 

  84 discrete gammas 
  Total gamma yield of 1.982 MeV 
 
•  JENDL-FPDD2000 (references ENSDF 1993) 
  95 discrete gammas and a Watt-like continuum peaking ~ 1 MeV 
  Total gamma energy yield of 2.164 MeV 
 
 

ENDF and JEFF have exactly the 
same energies and amplitudes for 84 
gammas; JEFF appears to  have lost 
11 gammas and ~2% of the energy 

ENDF and JENDL have exactly the 
same energies and relative amplitudes 
for all 95 gammas; JENDL has reduced 
the amplitude to ~0 and put all the 
energy in the continuum and increased 
it by 7% relative to ENDF. 



Fission Product Decay – 144Cs (example #2) 

5 

•  ENDF/B-VII.1 (references ENSDF 2011) 
  6 discrete gammas and Watt-like continuum peaking ~1 MeV 
  Total gamma energy yield of 4.722 MeV 
 
•  JEFF-3.1.1/RDD (references NUBASE 2003) 

  0 discrete gammas 
  Total gamma yield of 2.763 MeV 
 
•  JENDL-FPDD2000 (references JAERI NDC 1999) 
  0 discrete gammas and a Watt-like continuum peaking ~ 1.5 MeV 
  Total gamma energy yield of 2.193 MeV 
 
 

No similarities between 
ENDF, JEFF and JENDL 



DFG – 235U fast (example #3) 

6 

ENDF and JENDL 
doses and dose 
rates agree at late 
times (>1 hr) 

Higher JENDL dose 
and dose rates at 
early times (<1 hr) 



What to believe? 

7 

Journal of Nuclear Science and Technology, 39 (5) 499-505 (2002), “Determination of Gamma-Ray Exposure Rate from 
Short-Lived Fission Products under Criticality Accident Conditions”, H. Yanagisawa, A. Ohno and E. Aizawa. 

Higher JENDL dose rates at early 
times match TRACY measurements! 

NCERC foil activation measurements 
should provide high-fidelity data for 
discrete photon emission  
 
          … improving the US database at 
early times (< 1 hr) 



What’s next? 

8 

… starting next year!

   Plutonium criticality accident slide-rule
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• Objective: Provide measured and 
evaluated resonance-region cross-section 
data to address the priority NCSP nuclear 
data needs 

• Vision: Addresses multiple Nuclear Data 5-
and 10-year goals and attributes identified 
in the NCSP Vision

• Final product: rigorous ENDF/B resonance 
evaluations produced from cross-section 
measurements and analyses

• FY11 and 12 measurement work effort 
focused on tungsten, copper, calcium, and 
cerium—identified differential nuclear data 
needs by NCSP Nuclear Data Advisory 
Group (NDAG)

Resonance Region Nuclear Data Work for NCSP
NCSP Five Year Plan
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GELINA

• Time-of-flight facility
• Pulsed white neutron 

source 
(10 meV < En < 20 MeV)

• Multi-user facility with 10 
flight paths (10 m - 400 m)

• The measurement stations 
have special equipment to 
perform:
– Total cross section 

measurements
– Partial cross section 

measurements

Pulse Width       : 1ns
Frequency         : 40 Hz – 800 Hz
Average Current : 4.7 μA – 75 μA
Neutron intensity : 1.6 1012 – 2.5 1013 n/s



5 Managed by UT-Battelle
for the U.S. Department of Energy NCSP Technical Seminar – March 2012

Neutron Production

• e- accelerated to
Ee-,max ≈ 140 MeV

• (e-, γ) Bremsstrahlung
in U-target (rotating & 
cooled with liquid Hg)

• (γ,n) , (γ ,f) in U-target
• Low energy neutrons

by water moderator in 
Be-canning

Flight path with filter

U-Target Be-Can with H2O

e- output windowShadow-bar
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No Euro Crisis: 
Major Upgrades to GELINA

• Over the last couple of years major upgrades of GELINA 
– 4 new modulators
– New control room, all settings of the accelerator are now 

computer controlled, new cables (2009)
– New process water cooling tower (2010)
– Upgrade and renovation of the flight stations (2011)
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Capture Cross-Section 
Measurements at GELINA

Total energy detection
• C6D6 liquid scintillators

– 125o

– PHWT 
• Flux measurements (IC)

– 10B(n,α)
– 235U(n,f)

ϕϕ
ϕ −

−
σ=

BC
BC

NY ww
exp

L = 10 m, 30 m and 60 m

WF : from MC simulations
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Transmission Measurements

totn

out

in e
C
CT σ−≅=

Sample & Background Filters

Low energy : 6Li(n,t)α Li-glass

High energy : H(n,n)H Plastic scintillator

Detector

Detector stations
Moderated: L= 30 m,50 m,(100 m,200 m)
Fast: L= 400 m
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n-TOF (180 m) <-> GELINA (60 m)
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The Importance of Total
Cross-Section Data

• More complete resonance parameter 
data will help improve nuclear 
statistical model.

• Is indispensable for obtaining the 
most accurate (n,γ) reaction rates.
See resonances not visible in (n,γ) 
data. Improved self-shielding and 
multiple scattering corrections.

• Lack of good total cross section data 
can lead to serious errors in these 
corrections and hence in the cross 
sections.
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Koehler et al., Num. Int.

Koehler et al., Resonance

Wisshak et al., Num. Int.

Wisshak et al., Resonance

116Sn(n,γ)

•Ex: 116Sn Use of incorrect neutron widths led to incorrect low-energy 
cross sections (Wisshak et al. PRC 54, 2732 (1996))
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Determine Sample 
Characteristics

• How much material is needed 
to achieve sufficient count rate.

• What material and how much  
is available.

• Physical dimensions like 
radius, thickness, area.

• Weight, density.
• Isotopic composition.
• Number of atoms.
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Data Taking
• Data are taken in list mode: TOF and 

pulse-height for detector(s) and flux 
monitor.

• Usually at least 2 experiments are 
performed for each isotope. For 
example, 4 isotopes translate to at 
least 8 experiments over the time 
frame of a couple of weeks each, 
depending on the nucleus.

• Presence at GELINA is required to 
perform and control experiments and 
for understanding all experimental 
effects, e.g., background corrections 
with black filters, resolution 
function…
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Data Reduction
• Presence is required because codes for 

data reduction are Geel specific.
• Data are sorted into spectra using the 

program package AGL (Analyze Geel List 
mode data). Raw data are tested  for 
stability and consistency before sorting 
into final spectra. 

• The resulting spectra are then converted
to cross section applying all background 
corrections using the AGS (Analyze Geel 
Spectra) code. The code is capable of a
full propagation of the uncertainties for
all spectra corrections and variables. A 
covariance matrix is generated. 

• AGS installed on ORNL computers
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Data Testing
• Obtain all experimental information, 

like pulse width, repetition rate, 
neutron filters, flight path length, 
crunch table settings, sample 
composition and dimensions.

• Retrieve resonance parameter file for 
each isotope from NNDC.

• Prepare input files for SAMMY, which 
have to include all experimental and 
facility specific effects. This is for 
example sample characteristics, like 
dimensions for multiple scattering 
corrections, isotopic composition, 
correction for applying the PHWT, 
resolution function.

• Run SAMMY to check data.
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W Measurement Activities

• Measurements completion of the stable W isotopes. 
Experiments started in FY09 using enriched samples
for 4 isotopes                                       

12 experiments.
• Data sets cover now the complete resolved resonance 

region, as well as part of the unresolved region.
• Normalization of the capture data finalized. 
• Capture data for 182,183,184,186W from the high repetition run 

available to analyze.
• Transmission data for 182,183,184,186W with different sample 

thickness available.
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W samples
• Metallic samples are preferred over oxide 

samples. Oxide is usually the inventory 
form of the provider
– The oxide produces unwanted background in 

(n,γ) experiments due to scattering of 
neutrons from oxygen

– Oxide are hygroscopic, need to be pressed 
into a self-supporting disk and need to be 
encapsulated (additional background from 
canning)

• Old metallic samples were found in the 
material storage at ORNL
– Metallic disks with 1 mm thickness and 70 mm 

diameter
– Several disks for each isotope with 

enrichment of up to 95%, so different sample 
thickness could be  achieved
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Transmission Data for 1 mm 184W Compared
to ENDF/B-VII:  Terra Incognita
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183W Comparison with ENDF/B-VII
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183W Comparison with ENDF/B-VII at
High Energies
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ORNL Measurement 63Cu and 65Cu 

• Use of metallic Cu samples,  >99% isotopic 
enrichments; 8 cm diameter disks with 1 mm thickness 

• Finalized neutron capture measurements for 63,65Cu at 
GELINA using set up at FP14, 60-m station

• Performed measurements with 235U fission chamber to 
determine flux at high energies

• Include old ORELA transmission data in evaluation
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63Cu: no resonance data in ENDF at high 
energies
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ORNL Measurement Activities for Calcium

• Measurements of Ca using metallic samples
• The samples are in Al canning due to reactivity with air
• Transmission experiments with different sample 

thickness available using FP4, 50 m
• Neutron capture using detector system at FP14, 60 m
• Data not yet reduced to cross section
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Ca Samples
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Status of Experiments at Geel

W Cu Ca Ce

Sample metallic disks 
182,183,184,186

metallic disks 
63 and 65

metallic disks
nat Ca

Metallic disks
Nat Ce, 142

Experiments
GELINA

60m, 30m (n,γ)
transmission

60m (n,γ) 60m (n,γ)
transmission

FY12

Data Sorting finished 60m + 
transmission

finished 60m 
high E need to be 

finalized

Reduced to 
Cross section

X-section,
transmission

X-section

Data Testing Data ready for 
evaluation

Data ready for 
evaluation
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People Involved in the Experiments

• Christos Lampoudis, IRMM
• Peter Schillebeeckx, IRMM
• Stefan Kopecky, IRMM
• Peter Siegler, IRMM
• Ruud Wynats, IRMM
• Clint Ausmus, ORNL



Nuclear Data Evaluation 
Status for Tungsten Isotopes  
182-184,186W and 63,65Cu  

M.T. Pigni, L.C. Leal, M.E. Dunn 
Oak Ridge National Laboratory 
Oak Ridge, TN 

V. Sobes 
Massachusetts Institute of Technology 
Cambridge, MA 

NCSP Technical Seminar 
Oak Ridge National Laboratory 
March 2012 
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Outline 

•  Nuclear Data Evaluation Overview 

•  Evaluation Procedure with SAMMY 
  Details on the differential data evaluation procedure  

(cross section from resonance parameters) 
  Link to benchmarks (integral data) 

•  Evaluation work on 183W (Pigni) 

•  Evaluation work on 182,184,186Tungsten isotopes (Leal) 

•  Evaluation work on 63,65Cu (Sobes) 
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Nuclear Data Evaluation Status Overview 

Resolved	  Resonance	  Region	  (RRR)	  Cross	  Sec3on	  Evalua3ons	  	  	  

No.	   Nucleus	  (	  Iπ	  )	   Method	   No.	  Levels	   J0	   J1	   Evaluator	  

1	   182W	  (	  0+	  )	   10-‐5	  eV	  –	  10	  (	  5	  )	  	  keV	   RM	   143	   143	   0	   L.	  C.	  Leal	  

2	   183W	  (	  1/2-‐	  )	   10-‐5	  	  eV	  –	  5	  (	  2.2	  )	  keV	   RM	   339	   239	   100	   M.	  T.	  Pigni	  

3	   184W	  (	  0+	  )	   10-‐5	  eV	  –	  10	  (	  4	  )	  keV	   RM	   125	   125	   0	   L.	  C.	  Leal	  

4	   186W	  (	  0+	  )	   10-‐5	  eV	  –	  10	  (	  8.3	  )	  keV	   RM	   78	   78	   0	   L.	  C.	  Leal	  

5	   63Cu	  (	  3/2-‐	  )	   10-‐5	  eV-‐300	  (100	  )	  keV	   RM	   527	   323	   204	   V.	  Sobes	  

6	   65Cu	  (	  3/2-‐	  )	   10-‐5	  eV-‐300	  (100	  )	  keV	   RM	   762	   525	   237	   V.	  Sobes	  

RM – Reich-Moore Approximation 
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Formalities 

•  Experimental conditions 
–  Doppler broadening 
–  Multiple-scattering effects 
–  Self-shielding effects 
–  Multiple isotopes 
–  Resolution function of the facility 
–  Sample thickness 

•  Theoretical aspects 
–  R-Matrix theory 

•  Reich-Moore approximation 

•  Multi- or single-level Breit-Wigner 
–  Quantum numbers 

•  ORNL Sammy code used to prepare nuclear data 
evaluations 
  In order to directly compare the cross sections extracted from 

experiments to those generated via any theory one needs 

Incident channel 
Internal region 

Exit channel 
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Formalities continued 

•  SAMMY evaluation procedure requires 
  Experimental data measured at ORELA, GELINA, RPI, or any 

data available in the EXFOR library 
–  For tungsten evaluations only experimental data from GELINA and ORELA 

have been used 

  Experimental conditions for a consistent SAMMY evaluation 
provided by K. Guber 

  Initial resonance parameters 
–  RSAP and SUGGEL codes may be used to generate a initial set of 

resonance parameters 

–  Existing parameters in major ENDF libraries (ENDF/B-VII.1, JENDL4.0, etc.) 
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SAMMY Evaluation Procedure (differential 
data analysis) 

SAMMY Sequential Evaluation 

SAMMY	  

Input1,	  data1	  and	  	  
IniNal	  resonance	  

parameters	  

Input2,	  data2	  and	  	  
parameters2	  +	  Covariance	  

SAMMY	  

Input3,	  data3	  and	  	  
parameters3	  +	  Covariance	  

SAMMY	  

Input4,	  data4	  and	  	  
parameters4	  +	  Covariance	  

SAMMY	  

Input5,	  data5	  	  and	  	  
parameters5	  +	  Covariance	  

•  A final set of parameters should fit 
reasonably well (small chi-square) 
the set of experimental data (e.g., 
data1, data2, data3, data4, data5) 

•  Generally there are multiple issues 
to be addressed by the evaluator: 

–  Experimental data have different 
resolution 

–  Experimental data have different 
energy range. Careful analysis of 
external levels is needed 

–  Normalization of experimental 
data 

–  Wrong spin assignment of 
resonance parameters 

–  Missing information in old 
experiments 
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SAMMY Evaluation Procedure (link to Integral data) 
•  All experimental data have been reasonably represented by a set of 

resonance parameters and covariance (uncertainty) is obtained 
  SAMMY resonance parameter and covariance are converted into the ENDF/B 

format - file 2 (parameter) and 32 (covariance matrix) 

•  Process ENDF/B file with NJOY or AMPX in order to generate cross 
section in pointwise and/or group representation 

•  Find in the ICSBEP database integral benchmark experiments 
sensitive to the data of the evaluated isotope(s) 

•  Run MCNP and/or KENO codes 
  sensitivity analysis using TSUNAMI and TSURFER in order to improve 

agreement with benchmark experiments 
  Goal: improve results of integral data calculations and, at the same time, have 

reasonable description of differential data 
•  SAMMY analysis together with TSUNAMI/TSURFER is the way to go 
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SAMMY Evaluation Procedure (link to Integral data) 

Differential and Integral   

Differential Integral 

σ(Ep) 

E Ep 

σ 

Ea Eb 

σ(E) as a function of energy R is the reaction rate  
(measured quantity) 
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Starting Point:  External Levels and Database 

•  External levels: bound levels (negative resonances) and levels 
above the resonance region 
  Careful determination of the external levels is needed before starting a 

SAMMY evaluation 
  It provides a good understanding of the scattering potential cross section 
  Indicates whether background effects a properly calculated 
  (Effective) nuclear scattering radii are well defined once the external levels 

have been determined 
  Provides an insight whether a direct reaction component is present 

•  Consistency of the database 
  Resolution function (ORELA, GELINA, …) 
  Data normalization 
  … 
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External Levels Evaluation 
Contribution from the external levels - bound levels (negative resonances) and 
levels above the resonance region - and potential scattering cross section 

•  At low energies the effective 
radius is well defined and the 
potential scattering cross section 
is depending by the channel 
radius, a, and distant-level 
parameter, R∞, as 

•  R∞(E) is essentially the difference 
between the contribution to the R-
matrix from the resonances below 
and above E 

•  External levels important to avoid 
troublesome edge effects near the 
boundaries of the internal region  

183W RESONANCE PARAMETER EVALUATION IN THE NEUTRON ENERGY RANGE UP TO 5 KEV

levels below (E < 0) and above (E > 5 keV) the RRR, which are modeled by the following set of
parameters

E = −965.0 eV, Γ0
γ = 90 meV, Γ0

n = 43.2 keV,
E = −33.08 eV, Γ1

γ = 90 meV, Γ1
n = 0.23 keV,

E = 5.025 keV, Γ1
γ = 90 meV, Γ1

n = 4.43 keV,
E = 5.077 keV, Γ1

γ = 90 meV, Γ1
n = 0.27 keV,

E = 5.796 keV, Γ1
γ = 90 meV, Γ1

n = 39.5 keV.

These are the parameters sc in Eq. (11), and their values were obtained by fitting to the cross
sections computed by extrapolating the known RRR levels, and 2 bound, (i.e., negative) energy
levels below and 3 levels above the 5 keV upper limit.
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Figure 1. The potential scattering cross section calculated for a channel radius ac = 7.3 fm
and a distant-level parameter RJ,∞

c = 0 plus the contribution of 2 bound, i.e., negative levels
below and 3 levels above the RRR 5 keV upper limit. The continuous red curve is a fit to the
cross sections obtained by extrapolating the known RRR levels below and above the RRR.

Another important step in the evaluation procedure is to establish the number of partial waves
that should be used in the fitting of the reduced-width amplitudes. Figure 2 graphs the hard-
sphere penetrability factors of n+183W for different partial waves ! = 0 − 4 calculated at the
channel radius ac = 7.3 fm. As expressed in Eq. (5), the partial widths ΓJ,λ

c#s are proportional
to the product of the reduced-width amplitudes γJ,λ

c#s , independent from the incident energy, and
the penetrability factors P#. The magnitude of the latter determines the strength of the partial-
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levels below (E < 0) and above (E > 5 keV) the RRR, which are modeled by the following set of
parameters
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γ = 90 meV, Γ1
n = 0.27 keV,

E = 5.796 keV, Γ1
γ = 90 meV, Γ1

n = 39.5 keV.

These are the parameters sc in Eq. (11), and their values were obtained by fitting to the cross
sections computed by extrapolating the known RRR levels, and 2 bound, (i.e., negative) energy
levels below and 3 levels above the 5 keV upper limit.
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183W cross section evaluation (Pigni) 

Step 1:  Determination of number of partial waves 
•  The magnitude of the penetrability factors determines the strength of the 

partial-wave components responsible of the quasi-stationary compound state. 
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wave components responsible for the quasi-stationary compound state. Not unexpectedly, at low
energies the magnitude of the penetrability factors is ∼ k2!+1

c . Penetrabilities become comparable
in magnitude at about 2–3 MeV, where several partial waves are equally involved in the reaction
mechanism. In this preliminary evaluation, we decided to neglect partial waves different from zero
since the strength of the penetrability factors for ! > 0 at energies of up to 5 keV was small, e.g.,
P1/P0 ≈ 10−5 at about 5 keV.

-60

-50

-40

-30

-20

-10

0

10

10-3 10-2 10-1 10+0 10+1 10+2 10+3 10+4

ln
P

!(
E

;a
c)

Incident Neutron Energy (keV)

! = 0

! = 1

! = 2

! = 3

! = 4

n+183W

Figure 2. Hard-sphere penetrability factors P! ≡ P!(E; ac) of n+183W for different angular
momentum ! calculated at the channel radius ac = 7.3 fm .

3. RESULTS AND SYSTEMATICS

3.1. The Thermal Region

The results of the SAMMY fit at thermal energy are based on the values found in the Atlas of
Neutron Resonances and are displayed for 183W(n,tot) in Fig. 3. The solid red line represents the
cross sections calculated by the resonance parameters, and it is compared with ENDF/B-VII.0 (in
green) and JENDL-4 (in blue) nuclear data libraries. We noticed that the JENDL-4 evaluation also
follows the Atlas prescription, whereas the evaluation in ENDF-B-VII.0 library overestimates the
Atlas thermal value by about 4.5%. The preliminary values of thermal cross sections calculated
at 0.0253 eV are also given in Table I. These values can be adjusted by small variations of the
parameters of the resonance at negative energies such as those given in Section 2.
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183W cross section evaluation (Pigni) 
Step 2:  Fitting procedure up to 5 keV  
•  Since 183W has spin half-integer there are two spin populations for s-wave 
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Figure 4. Neutron capture cross sections (top) and transmission data (bottom) of 183W in the
energy range of 10 eV-1.5 keV. The solid red lines calculated by the resonance parameters are
compared to the experimental data of Guber et al. [7]. The value of the spin J is also show
for each level belonging to 183W.
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183W cross section evaluation (Pigni) 
Step 2: Fitting procedure up to 5 keV 
•  Issue with the experiment for transmission data 
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Figure 5. Neutron capture cross sections (top) and transmission data (bottom) of 183W in the
energy range of 1.5–3 keV. The solid red lines calculated by the resonance parameters are
compared with the experimental data of Lampoudis et al. [7]. The value of the spin J (in
blue) is also shown for each level belonging to 183W.
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183W cross section evaluation (Pigni) 
Step 3: Fitting thermal cross section and comparison with major nuclear data 
libraries 

183W RESONANCE PARAMETER EVALUATION IN THE NEUTRON ENERGY RANGE UP 5 KEV
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Figure 3. Total cross sections of 183Wcompared to two major nuclear data libraries. JENDL-
4 and the present work are almost identical.

Table I. Thermal cross sections compared to the values of two major libraries and ATLAS of
neutron resonances.

Thermal Total Capture Elastic
Cross Sections (b) (b) (b)

This work 12.821 10.406 2.415

JENDL-4 12.815 10.406 2.409

ENDF/B-VII.0 13.427 10.010 3.417

ATLAS — 10.400 2.400

and 186W (3.14%), were simultaneously considered in the calculations. For the resolution function
related to the experimental facility, we used the GELINA parameterization taken from Ref. [8].

In Figs. 4-7 the calculated capture cross sections and transmission data (in continuous red lines)
are compared to the experimental data. The values of the spin J for each resonance related to 183W
are also shown (in blue). When not reported, we considered the resonance belonging to one of the
tungsten isotopes mentioned above. In Figs. 4-7 we note that in the energy region 2.5-3.25 keV
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Table I. Thermal cross sections compared to the values of two major libraries and ATLAS of
neutron resonances.

Thermal Total Capture Elastic
Cross Sections (b) (b) (b)

This work 12.821 10.406 2.415

JENDL-4 12.815 10.406 2.409

ENDF/B-VII.0 13.427 10.010 3.417

ATLAS — 10.400 2.400

and 186W (3.14%), were simultaneously considered in the calculations. For the resolution function
related to the experimental facility, we used the GELINA parameterization taken from Ref. [8].

In Figs. 4-7 the calculated capture cross sections and transmission data (in continuous red lines)
are compared to the experimental data. The values of the spin J for each resonance related to 183W
are also shown (in blue). When not reported, we considered the resonance belonging to one of the
tungsten isotopes mentioned above. In Figs. 4-7 we note that in the energy region 2.5-3.25 keV
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183W cross section evaluation (Pigni) 
Step 4: Systematics of resonance parameters 

•  183W has two randomly mixed independent  
  spin populations 

•  Level spacing         tends to be smaller than  
  even-A isotopes since there are two spin  
  populations 

•  Nearly linear slope indicates there are no  
  narrow missed s-levels 

M. T. Pigni, M. E. Dunn, K. H. Guber
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Figure 7. Neutron capture cross sections (top) and transmission data (bottom) of 183W in the
energy range of 4.5–5 keV. The solid red lines calculated by the resonance parameters are
compared with the experimental data of Lampoudis et al. [7]. The value of the spin J is also
shown for each level belonging to 183W.
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Figure 8. Plot of the cumulative number of observed s-levels (black dots) vs energy for
n+183W. The values of average s-level spacings for two J-spin populations, 〈DJ

! 〉, and the
mixed population, 〈DJ

0 〉, shown in the plot represent the inverse of the slope of a straight line
fitted to the data (red lines) and obtained by the recommended value (dashed blue line) taken
from Mughabghab [9]. The expressions f 0

0 and f 1
0 are the fractional densities of population

for Jπ = 0− and Jπ = 1−, respectively.
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183W cross section evaluation (Pigni) 
Picture taken form ATLAS 
of neutron resonances 

Picture taken form ATLAS 
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Figure 9. Plot of cumulative reduced neutron-widths
∑

m Γ0
m (open black dots) vs energy for

n+183W. The slopes of the straight lines give the strength function S0 (in 10+4 unit). The slope
of straight line fitted to the data (continuous red line) and the recommended value taken from
Mughabghab [9] (dashed blue line) are shown.

4. CONCLUSIONS

We have applied the R-matrix SAMMY method using the Reich-Moore approximation to deter-
mine a consistent, albeit still preliminary, set of neutron resonance parameters for 183W in the
energy range up to 5 keV. In the analyzed energy range, this evaluation doubles the RRR energy
range present in the latest US nuclear data library (ENDF/B-VII.1). These results are based on
recent transmission and capture measurements of tungsten isotopes performed at GELINA. In the
fitting of the resonance parameters, the experimental data were used sequentially to ensure that
the calculated cross sections were in good agreement for both (n,tot) and (n,γ) reaction channel.
However, the use of filters (used in the measurements to determine the level of background, for
instance, from the sample holder and the scattered neutrons) caused difficulties in the analysis of
resonance parameters in the energy range between 2.5 and 3.25 keV, as shown in Figs 5-6. We aim
to resolve this problem using a different set of experimental data or new measurements.

In the future we want to finalize this evaluation of resonance parameters and improve the analysis
of their systematics. A natural step would be to include additional sets of experimental data in order
to generate consistent assessments of cross section covariance data. We also intend to use the set
of resonance parameters converted to ENDF/B format for nuclear criticality safety applications.
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4. CONCLUSIONS

We have applied the R-matrix SAMMY method using the Reich-Moore approximation to deter-
mine a consistent, albeit still preliminary, set of neutron resonance parameters for 183W in the
energy range up to 5 keV. In the analyzed energy range, this evaluation doubles the RRR energy
range present in the latest US nuclear data library (ENDF/B-VII.1). These results are based on
recent transmission and capture measurements of tungsten isotopes performed at GELINA. In the
fitting of the resonance parameters, the experimental data were used sequentially to ensure that
the calculated cross sections were in good agreement for both (n,tot) and (n,γ) reaction channel.
However, the use of filters (used in the measurements to determine the level of background, for
instance, from the sample holder and the scattered neutrons) caused difficulties in the analysis of
resonance parameters in the energy range between 2.5 and 3.25 keV, as shown in Figs 5-6. We aim
to resolve this problem using a different set of experimental data or new measurements.

In the future we want to finalize this evaluation of resonance parameters and improve the analysis
of their systematics. A natural step would be to include additional sets of experimental data in order
to generate consistent assessments of cross section covariance data. We also intend to use the set
of resonance parameters converted to ENDF/B format for nuclear criticality safety applications.
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the isotopic composition of the sample used in the measurements. Altogether, four isotopes of
tungsten with the isotopic compositions 182W (6.44%), 183W (80.9%), 184W (9.52%), and 186W
(3.14%) were simultaneously considered in the SAMMY regression calculations. For the reso-
lution function related to the experimental facility, we used the GELINA parameterization taken
from Ref. [8].

In Figs. 4–7 the calculated capture cross sections and transmission data (in continuous red lines)
are compared with the experimental data. The values of the spin J for each resonance related to
183W are also shown (in blue). When not reported, we considered the resonance belonging to one
of the tungsten isotopes mentioned above. In Figs. 4–7 we note that in the energy region of 2.5–
3.25 keV, one of the filters used in the measurements of transmission data (namely to determine the
level of background from the sample holder or the scattered neutrons) generated inconsistent ex-
perimental data. Therefore, a meaningful fitting of the data in this energy region is temporarily not
possible. We aim to resolve the problem using a different set of experimental data and/or new mea-
surements by Lampoudis. The overall agreement of our results with Lampoudis’s measurements
is exceptionally good in the energy range up to 2.5 keV where the resolution of experimental data
is pretty high. Above 2.5 keV, although the resolution of the resonances worsens, we were able to
obtain a reasonable agreement in line with the scope of this preliminary analysis.

3.3. The Systematics of Resonance Parameters

In addition to presenting our results for the observed neutron resonance energies, E, neutron
widths, ΓJ

n , and capture widths, ΓJ
γ , we report the preliminary results for the systematics of the

observed s-wave resonances, such as level spacing systematics and strength functions.

Figure 8 shows the cumulative number of observed resonanceN versus the incident neutron energy
E for 183W. The figure shows a nearly linear slope that extends to about 5 keV. This indicates that
in the vast majority of our reported levels, there are no missed narrow weak s-levels. The figure in-
cludes various fitted straight lines, which imply mean s-level spacings 〈DJ

0 〉 for partial (red dashed
lines) and mixed populations (solid red line). The 〈DJ

0 〉 of 183W tends to be much smaller than that
of even-A isotopes, since 183W has two randomly mixed independent populations with Jπ = 0−

and Jπ = 1−. Figure 8 also compares the recommended value taken from Mughabghab [9], which
encompasses our value within 2.5 times its predicted uncertainty. The total number of observed
levels up to 5 keV is N = 339, where about 70% of the levels (fractional density f 1

0 = 0.706)
were selected with spin J = 1, which slightly exceeds the 2J + 1 rule. The value 〈DJ

0 〉 = 14.8
eV, simply obtained by the ratio between the energy range (7 eV–5 keV) and N − 1 = 338 reso-
nances, slighlty deviates from 〈DJ

0 〉 = 14.4 eV, obtained by the best fit of the cumulative number
of observed levels (black dots).

Figure 9 graphs the cumulative reduced neutron widths,
∑

m Γ0
m related to the neutron width by

Γ0
m = gJΓJ,m

n
√

1 eV/Em. The slope of the plot obtained by the best fit of the reduced neutron
widths (open dots) corresponds to the S0 strength function and shows a deviation of about 5%
with respect to the recommended value of Mughabghab [9]. We remark that a comprehensive
analysis of the systematics of observed s-wave resonances should also include comparisons with
known Gaussian Orthogonal Ensemble (GOE) distribution, e.g., comparison of the distribution of
reduced widths done within the Porter-Thomas distribution.

2012 Advances in Reactor Physics Linking Research, Industry, and Education (PHYSOR 2012)
Knoxville, Tennessee, USA April 15-20, 2012

8/14
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183W cross section evaluation (Pigni) 
Link resonance parameters to optical model 

• The optical model gives cross 
sections averaged over resonances 
and the transmission coefficients 
which are closely related to the 
strength function 

• The same average can be obtained in 
R-matrix cross section representation 
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Summary 183W Evaluation (Pigni) 
•  We have applied the R-matrix SAMMY method using the Reich-Moore 

approximation to determine a consistent, albeit still preliminary, set of 
neutron resonance parameters for 183W in the energy range up to 5 keV 

•  In the analyzed energy range, this evaluation doubles the RRR energy range 
present in the latest US nuclear data library (ENDF/B-VII.1) 

•  The experimental data were used sequentially to ensure that the calculated 
cross  sections were in good agreement for both (n,tot) and (n,γ) reaction 
channel 

•  We produced preliminary results for the systematics of the observed s-wave  
resonances, such as level spacing systematics and strength functions 

•  We want to finalize this evaluation of resonance parameters and improve 
the analysis of their systematics in order to generate consistent 
assessments of cross-section covariance data 

•  We want to improve optical model potential parameterization 
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184W cross section evaluation (Leal) 

Total and capture cross section for 184W in the energy range 500 eV to 1 keV  
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186W cross section evaluation (Leal) 
Total and capture cross section for 186W in the energy range 500 eV to 1 keV  
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Cu Cross Section Evaluations (Sobes) 
•  Motivation 

  Nuclear Data Advisory Group (NDAG) identified Cu-63 and 
Cu-65 as “IMPORTANT FOR MEASUREMENTS AND 
EVALUATIONS” 

  Purpose of Experiment: 
–  Thermal Cross Section Shape 

–  Thermal Cross Section Uncertainty 

–  SAMMY Resolved Resonance Analysis  
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Cu Cross-section Evaluations (Sobes) 

•   A better definition of the negative 
external levels if we fit a differential cross 
section 

•   A better definition of the uncertainty and 
correlations at the thermal energy 
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Cu Cross-section Evaluations (Sobes) 

23 

•  SAMMY Evaluation of the Transmission Data 
  SAMMY analysis of transmission data for Cu-63 and Cu-65   
  Measurements made at the Oak Ridge Electron Linear 

Accelerator (ORELA) by M. S. Pandey, J. B. Garg, and 
J. A. Harvey (1977) 

  Flight-path length:  80 meters 
  Thicknesses:  

–  Cu-63  0.07895 at/barns 

–  Cu-65  0.07437 at/barns  

  Energy Range:  0.0001 eV to 300 keV 
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Cu cross section evaluations (Sobes) 

SAMMY Fit of the transmission data of 63Cu and 65Cu in the energy range 30 eV–300 keV 
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Cu Cross-section Evaluations (Sobes) 

25 

•  Concluding Remarks 
  Measurement of thermal total cross sections at MIT was performed 

under the sponsorship of the (DOE) Nuclear Criticality Safety Program 
(NCSP) 

  Systematic and statistical uncertainties in the thermal region were 
determined 

  SAMMY analysis of the experimental data was performed for 63Cu and 
65Cu in the thermal region 

  SAMMY analysis of the ORELA transmission data was performed for 
63Cu and 65Cu 

  The present upper bound energy of the resolved resonance 
ENDF/B-VII.1 evaluations for 63Cu and 65Cu has been extended from 
99 keV to 300 keV (paper accepted for presentation to PHYSOR 2012, 
Knoxville, TN) 
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APPENDIX: Formalities 
•  Direct and Compound nuclear scattering 

  At low energies, neutron-nucleus scattering occurs either directly or 
thorough the quasi-bound compound nucleus states 

  In a direct scattering, the incident neutron interacts with the average 
field of the nucleus. The duration of the collision is approximately the 
time it takes the neutron to cross the nucleus 

  In a compound nuclear scattering, the incident neutron loses energy 
upon colliding with the nucleus and is trapped.  After a fairly long 
interval, enough energy is again concentrated on one neutron to allow 
it to escape. 



27  Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Seminar – March 2012 

APPENDIX: Formalities 
All physical quantities can be defined by a set of resonance parameters 

The relation between the scattering matrix and the R-matrix is 

where     and      are the ingoing and outgoing radial wave-functions, 
respectively.  Calculated for the channel radius      and wave number                      
                       .       and      are the logarithmic derivative of the outgoing  
and radial wave-functions.  
The cross section for the entrance channel     and exit channel     is given   
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APPENDIX: Formalities  
The cross section of the figure possesses a rapidly varying  
resonant component which arises from a quasi-bound state 
of the neutron plus nucleus 
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Resonance Evaluation 
Status for 239Pu    

L. C. Leal and M. E. Dunn 
Nuclear Data and Criticality Safety Group 
Oak Ridge National Laboratory 

NCSP Technical Seminar 
Oak Ridge National Laboratory 
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Motivation for a New 239Pu Evaluation 

• Improved 239Pu resonance evaluation needed to solve 
long-standing problem for thermal critical benchmark 
calculations 

• Need resonance parameter covariance data 
• Existing resonance parameter (RP) representation has three 

disjoint resonance parameter regions: 
1.0 × 10-5 eV to 1 keV, 1 keV to 2 keV, 2 keV to 2.5 keV 
 Cross-section mismatch at the energy boundaries 
 Not easy to generate uncertainty for the whole energy region (zero 

correlation between disjoint resonance regions) 
• Need new evaluation with single resonance parameter set 

covering energy range 1.0 × 10-5 eV to 2.5 keV 
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Experimental Data Sets Used 
in the RR Evaluation  

Reference Energy Range 
(eV) Facility Measurement 

Bollinger et al. (1956) 

Gwin et al. (1971) 

Gwin et al. (1976) 

Gwin et al. (1984) 

Weston et al. (1984) 

Weston et al. (1988) 

Weston et al. (1993) 

Wagemans et al. (1988) 

Wagemans et al. (1993)  

Harvey et al. (1985)  

Harvey et al. (1985) 

0.01–1.0 

0.01–0.5 

1.0–100.0 

0.01–20.0 

9.0–2500.0 

100.0–2500.0 

0.02–40.0 

0.002–20.0 

0.01–1000.0 

0.7–30.0 

30.0–2500.0 

 

ORELA 

ORELA 

ORELA 

ORELA 

ORELA 

ORELA 

GELINA 

GELINA 

ORELA 

ORELA 

Total cross section 

Fission and absorption at 25.6 m 

Fission and absorption at 40.0 m 

Fission at 8 m 

Fission at 18.9 m 

Fission at 86 m 

Fission at 18.9 m 

Fission at 8 m 

Fission at 8 m 

Transmission at 18 m 

Transmission at 80 m 
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239Pu Resonance Evaluation 
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239Pu Resonance Evaluation 



6 Managed by UT-Battelle 
 for the U.S. Department of Energy NCSP Seminar – March 2012 

 
 
 
 
 
 

 keff 

LeakageAbsorption
Production

+

Effective System Multiplication Factor keff 

> 1 (supercritical) 

= 1 (critical)  

< 1 (subcritical) 
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239Pu Resonance Evaluation 
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Issues with Current 239Pu Evaluation 

• Results of plutonium solution calculations indicate 
little to no improvement with latest evaluation—long-
standing thermal benchmark problem persists 

• Review and evaluation update for 239Pu is in progress 
• Multi-organization and international effort coordinated 

through OECD/NEA Working Party for Evaluation Co-
operation (WPEC) Subgroup 34: ORNL, LANL, CEA 
and others 
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International Effort 

• OECD/NEA WPEC Subgroup 34: 
– Objective:  address 239Pu evaluation issues resulting in discrepancies 

for Pu-SOL-THERMAL assemblies and Pu-INTER assemblies  
calculations 

– Strategy 
• Use new Leal/Derrien ENDF resonance evaluation with covariance 

data 
• Use sensitivity/uncertainty analysis tools to identify parameters 

important for both differential and integral data adjustment 
– Goal:  obtain a 239Pu resonance evaluation that: 

• represents the differential data well  
• leads to improvements in calculations of integral data  
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General Work Plan 
• Benchmark selection: 

– Define set of benchmarks sensitive to 239Pu from ICSBEP and IRPhEP 
 Common Benchmarks:  ICSBEP 239Pu benchmark systems 

water-reflected and bare spheres of plutonium nitrate solutions 
  Include intermediate and fast benchmarks 
• ORNL, CEA, and LANL 

– Perform benchmark calculations with various evaluations (ENDF, 
JEFF, JENDL) using Monte-Carlo and Deterministic codes 

 Skip Kahler (LANL) identified subset of 7 Pu-Sol-Therm ICSBEP 
benchmarks to investigate evaluation performance 
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239Pu Data Sensitivity and Adjustment 
at ORNL 
• Use 239Pu resonance evaluation with covariance data that 

has been evaluated at ORNL 
• Process the evaluation with the AMPX/PUFF code system 

to generate group cross sections and covariance data 
• 44-neutron group structure of the SCALE system used for 

covariance data 
•  7 ICSBEP 239Pu benchmark calculations 

– Thermal water reflected benchmark experiments used 

•  Sensitivity calculations with SCALE/TSUNAMI 
•  Data adjustment analysis with SCALE/TSURFER 
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SCALE S/U Analysis for 
Cross-Section Evaluations 
• SCALE S/U capability invaluable tool for cross-section 

evaluation 
– Provides improved understanding of nuclear data physics for 

specific applications 
– Identify parameters and energy regions of importance 

 

                                          and 

• SCALE S/U tools used in support of the NCSP nuclear 
data evaluation effort 
– Nuclear data evaluator performs sensitivity analysis of critical 

experiment to understand the physics of the problem and identify 
energy regions that are “exercised” by the criticals 

x
k

k
xS σ

σ
∂
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• GLLS consolidates calculations with measured responses 
• Computes “best” data adjustments to eliminate differences 
• Results in more consistent results with lower uncertainties 
• Propagation of data adjustments to integral application  
• System provides computational bias and uncertainty 

Consolidation of Computed and 
Measured Responses Using 
Generalized Linear Least-Squares (GLLS)—
SCALE/TSURFER Module  
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Application of GLLS to Data 
Adjustment 

  M-dimensional discrepancy vector: 
d(α, Km) = Kc(α) – Km 

− Discrepancy vector d(α', K'm) → 0 
− Uncertainties/correlations in α and Km (i.e., Cαα and Cmm  
    respectively) are taken account 
− Overall consistency maximized by minimizing chi-squared: 

GLLS determines modified nuclear data α‘ and measured 
responses K‘m such that . . .  

χ2 = [α'- α]T [Cαα ]-1 [α'- α] + [K'm- Km]T [Cmm ]-1 [K'm- Km]   

overall  adjustments to 
data, in units of 

variance 

overall adjustments to 
measurements, in units of 

variance 

computed measured 
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TSURFER 
GLLS adjustment / 

consolidation 

Computed values for 
application responses 

Measured values for 
experimental responses 

Computed values for 
experiment responses 

Sensitivity coefficients 
for application responses 

Variances and 
correlations for 

nuclear data 

adjusted application 
responses and uncertainty 

adjusted nuclear data 
and uncertainties 

Sensitivity coefficients for 
experimental responses 

Variances and 
correlations for 
measurements 

adjusted experiment 
responses and uncertainty 



Covariance Work 239Pu ORNL 
Fission/Capture Estimation 
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Benchmarking/Integral Data Feedback 
239Pu Data Sensitivity and Adjustment 
at ORNL 

ORNL 239Pu sensitivity calculations of the cross section to keff  (TSUNAMI) 
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Benchmarking/Integral Data Feedback  
239Pu Data Sensitivity and Adjustment 
at ORNL 

ORNL 239Pu data adjustment for fifteen benchmark experiments (TSURFER) 
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ORNL and CEA/Cadarache Work 

•  ORNL/CEA 
– Use of S/U analysis (combine microscopic and integral experiments) 

to help improve the nuclear data evaluation 
• SCALE: KENO/TSUNAMI/TSURFER Codes at ORNL 
• ERANOS/SNATCH/CONRAD Codes at CEA 

•  ORNL/CEA 
– Calculate effects of new evaluated prompt neutron fission spectra 

(PNFS) from three different sources: 
• LANL 
• IAEA 
• LLNL 
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• Perform benchmark calculations including 7 thermal 
benchmarks and others identified by CEA 

• Perform fast benchmark calculations (i.e., 
Pu-MET-FAST) to make sure there’s no 
unintentional changes to fast systems 
− Cross-check TRIPOLI – MCNP keff calculations 

• Use NJOY to generate MCNP/ACE library 

MCNP (LANL) and TRIPOLI (CEA) 
Calculations 
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Preliminary Results (Thermal) 

• MCNP analysis 
–  Calculations using JEFF 3.1 
–  Calculations using ENDF/B-VII.1 
–  Calculations using ORNL evaluation (preliminary) 
–  Plots are keff vs energy of average neutron lethargy causing 

fission (EALF) 
 
Note: 
• All 7 benchmarks are critical systems (keff = 1.0) 
• Error bars indicate experimental uncertainty 
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Preliminary Results 
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Concluding Remarks 

• Benchmark experiments sensitive to the fission, capture 
cross sections, nu-bar and PNFS 

• “Right” combination of capture-to-fission ratio (alpha) may 
lead to an improvement in keff calculations for thermal Pu 
systems 

• Further studies are needed using new PNFS evaluations 
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Remaining Tasks 

• Finalize document related to benchmark list and 
calculations 

• New PNFS evaluations to be tested (JEFF/ENDF) 
• Few weeks of intensive work between CEA/ORNL in 2012 

to finalize the 239Pu and the evaluate benchmark 
performance 

• Complete 239Pu resonance evaluation in FY2012 
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NCSP related Nuclear Data Measurements at RPI

D. Barry, R. Block, T. Donovan, B. Epping, G. Leinweber, M. Rapp

Rensselaer Polytechnic Institute, Troy, NY,  12180

Y. Danon, R. Bahran, E. Blain, A. Daskalakis, E. Liu, B. McDermott, S. Piela, J. Thompson, 
A. Weltz, D. Williams

KAPL, Bechtel Marine Propulsion Corporation, Schenectady, NY ,12301

and

Nuclear Criticality Safety Program (NCSP) Technical Seminar, ORNL, March 14-16 2012
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The Nuclear Data Program at the 
RPI Gaerttner LINAC Laboratory

• Driven by a 60 MeV pulsed electron LINAC ~1013 n/s
• Neutron transmission

– Resonance region: 0.001 eV‐ 600 keV, 
– High energy region: 0.4‐ 20 MeV

• Neutron Capture
– Resonance region: 0.01‐1000 eV

• Neutron Scattering
– High energy region: 0.4 MeV‐ 20 MeV

• Prompt fission neutron spectra and 
multiplicity

• Lead Slowing Down Spectrometer (LSDS)
– Assay of used nuclear fuel
– Fission cross section and fission fragment 

spectroscopy.
– (n,) and (n,p) cross sections on small (radioactive) 

samples.



3

FY 2011-2012 (Technical) Milestones
FY 2011
1. Analysis: Complete SAMMY analysis on Gd (Q1).
2. Capability development:  Complete calculations to estimate efficiencies for several detector 

concepts (C6D6, BaF2, NE-226) (Q2).
3. Capability development:  Purchase prototype detectors of the selected concepts and perform 

scoping measurements with prototype detectors (Q4).
4. Measurements:  Measure 56Fe total cross section in the high energy range (0.5 MeV-20 MeV) 

(Q3). 

FY 2012
1. Documentation: Complete 56Fe documentation (carry over from FY11) (Q1) 
2. Capability development: Perform scoping measurements with prototype detectors (Q2) 
3. Measurements: Complete measurement of 238U scattered and fission neutrons (0.5-20 MeV) 

(Q4).  Completed, will measure Cu scattering
4. Measurements: Complete transmission measurements to supplement ORNL measurements 

planned at Institute for Reference Materials and Measurements (Q4). 
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New 40-50m Flight Station
• Enable capture measurements in the keV region 

within a reasonable experiment time.

25m
100 m
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Flight Station Construction Completed

• FY 12
– Install flight paths
– Install prototype 

capture detector
– Design a sample 

changer
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Detector And DAQ System for keV
Capture Measurements

• C6D6 was selected to 
minimize the sensitivity to 
scattered neutrons

• C6D6 requires pulse height 
weighting

• A 10 bit, 5 GHz, 8 input DAQ 
is under tests

• Full system will initially use 4 
detectors
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Measurements Completed This Year
• Scattering

– 238U, Neutron Scattering (4/7 angles), 0.5-20 MeV, 30m flight path.

• Transmission

– 56Fe, 0.5-20 MeV, 250m flight path
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250m Transmission Experimental Setup

Fe-56 Samples
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250m Time Of Flight and Background 
Spectra

• Background is mostly from gamma interaction  with the detectors
– Used 1” diam. beam
– Shape calculated using MCNP and fitted to measured data
– Verified using thick carbon samples.
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56Fe Total Cross Section Measurements (NCSP) 
250m Flight Path

• Measured at 250m flight 
station with 8ns pulse width.

• Three sample thicknesses 
were used 3.22 cm, 7.698 
cm, and 10.918 cm

• Sample is 99.87% metallic 
56Fe

• Can help extend the resolved 
resonance region above 892 
keV

• Above 900 keV only two 
other data sets are available 
on EXFOR (Harvey et al. 
and Cornelis et al.)
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Fe-56 Total Cross Section – E< 1 MeV
• There is an energy 

shift between the 
experiment and 
evaluations
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56Fe Total Cross Section Measurements
• New data has good 

energy resolution but 
lower then Cornelis
et al. 

• The Cornelis et al. 
data is based on an 
oxide sample Fe2O3
(need to correct for 
O3)

• Above 10 MeV the 
data has low errors 
and is in good 
agreement with both 
ENDF/B-VII.1 and 
JEFF 3.1 
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Capture Measurements of 
Gd and Dy Isotopes (NCSP/RPI)

• Resonance parameter analysis of  155, 156,157,158,160Gd nearly 
complete.

– 155,157Gd resonance region was extended to 1000 eV
– Used transmission data from previous RPI measurements to 

test resonances parameters below 300 keV
• Resonance parameter analysis of 161,162,163,164Dy data 

started

Gd enriched samples

Dy enriched samples
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Resolution function fitted to 238U
• Obtained an energy resolution function up to 1 keV
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SAMMY fits to 155,156,157,158,160Gd Capture Yield
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155,156,157,158,160Gd Capture Yield 300-400 eV
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SAMMY fits to 161,162,163,164Dy Capture Yield
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238U Scattering/Fission  Measurement
• Measured in September 2011.
• Measured scattered (elastic+ inelastic) and fission neutrons
• Use 238U sample thickness of 0.375” (0.95 cm)
• Measured at angles of 27, 77, 112, 156 (two detectors at each angle)
• Compared measured data to MCNP simulations

– Obtain neutron flux shape from a U-235 fission chamber in beam
– Obtain detector efficiency curves from an in beam measurement with EJ-301 detectors

• Use 7 cm graphite sample for verification of system and methodology
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Samples Depleted 238U Discs
• Obtained from Y-12 with the support of NCSP and facilitation 

by ORNL



21

238U Scattering to 27º (forward)
• All tested evaluations are in reasonable agreement
• Between 2-4 MeV ENDF/B-V.0 is better
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238U Scattering to 77º
• All tested evaluations are in reasonable agreement
• Between 1-1 MeV ENDF/B-IV.8 is too high
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238U Scattering to 112º
• All tested evaluations are in reasonable agreement
• ENDF/B-VII seems to be slightly better than JEFF 3.1 and JENDL 4.0
• Between 1-1 MeV ENDF/B-IV.8 is too high
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238U Scattering to156 Degrees
• ENDF/B-VI.8 provides the best fit
• ENDF/B 7.0=JEFF 3.1 both need improvement
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Thermal Scattering Experiment at SEQUOIA (SNS) 
• SEQUOIA:

– Fine-Resolution Fermi Chopper 
Spectrometer at SNS

– Ei = 10 to 2000 meV
– 900 3He detector tubes
– Scattering angles: -30° to -3° horizontal 

and 3° to 60° vertical
– Flux: > 1×105 neutrons/cm2/s
– Resolution: E/Ei ~ 1%

• Double differential scattering cross section for inelastic scattering:
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Thermal Scattering 
Measurements

• Samples: H2O, Poly, Empty Can, Vanadium
• Ei (eV): 0.055, 0.16, 0.25, 0.6, 1, 3, 5
• Working on absolute normalization
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27

Summary – FY2011 and planned 2012 activity
• NCSP program at RPI is focused on cross section measurements:

– The program is a collaboration with KAPL/RPI and NCSP
– Leverages all the equipment and experience available to the KAPL/RPI group
– Contributes to the establishment of new experimental capabilities
– Educates undergraduate, graduate, and postdoctoral students in experimental neutron 

physics and experimental techniques

• Results to date (FY11-Q2 FY12)
– Finished data reduction and SAMMY analysis of Gd isotopes

• Data delivered to ORNL

– Measured total cross section of Fe-56 from 0.5 to 20 MeV
• Data delivered to ORNL

– Completed a set of scattering/fission measurements on U-238
– Developing a new capability to measure capture cross sections in the mid energy (keV) 

range

• Planned for FY2012
– Cu scattering measurement
– Complete development of new mid energy capture detector
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Outline 

• Vision 
• Mission 
• Course description 
• Timeline for implementation 
• Pilot(s) 
• Current Status 
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US DOE NCSP T&EP Vision(1) 

• Be a continually improving, adaptable, and 
transparent project that is responsive to the essential 
training and educational needs of DOE facility staffs 
that are responsible for developing, implementing, 
and maintaining nuclear criticality safety programs 

• Identify, develop, provide, and promote practical and 
excellent technical training and educational 
resources that foster competency in the art, science, 
and implementation of nuclear criticality safety and 
are adaptable and responsive to the needs of those 
responsible for developing, implementing, and 
maintaining criticality safety 

 (1)  The Mission and Vision of the United States Department of Energy Nuclear Criticality Safety 
Program for the Fiscal Years 2009 – 2018,  (http://ncsp.llnl.gov/NCSP-MV-COMPRESSED.pdf) 
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US DOE NCSP T&EP Mission 

• The T&EP mission is to provide DOD or DOE 
security cleared or non-cleared nuclear 
criticality safety engineers and managers with 
quality uniform training and education regarding 
“hands-on” sub-critical and critical experiments 
training and classroom education on the 
application of DOE HQ interpretations and 
positions regarding such topics as regulations, 
guides, orders, standards, utilization of non-
destructive analysis results, safety 
evaluations/analyses, and other topics as 
judged appropriate by the DOE NCSP Manager 
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T&EP General Course Objectives* 
• Provide a DOE consistent level of DOE interpretation, 

understanding, awareness and applications regarding 
– DOE Orders, Guides, ANS Standards, Rules 
– Performance of Criticality Safety Evaluations 
– Hazards Analysis Methods and Implementation/maintenance of 

NCS Controls 
• Ensure versatility for cleared and un-cleared students 
• Provide alternate/backup facility capabilities for hands-on 

training 
• Provide experimental hands-on training addressing 

– Characteristics of Neutron Multiplying Systems 
– Discussion of 

• Theory 
• Implications for the Safety of Fissionable Material Operations 

* CSSG Tasking 2009-03, Recommendations for the Future DOE NCSP Training and Education Infrastructure Program 
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1. Facility access training necessary for the full 2-weeks of the course (SNL, LANL, DAF) 
– Completed prior to start of courses to save time and ensure access 

2. Tour of the Los Alamos National Laboratory TA-55/PF-4 (LANL) 

3. Review of ANSI/ANS-8.XX standards and their applications to DOE NCS programs 
(LANL) 

4. Explanations and example applications of DOE HQ interpretations of DOE rules, 
standards and guides, and national consensus standards (DOE) 

5. Examples of human factors and equipment reliability relative to typical fissionable 
material process operations (SNL) 

6. Hazards analysis (LANL) 

7. Interpretation and application of non-destructive analyses (NDA) methods and results 
to nuclear criticality safety evaluations (NSL-ORNL) 

8. Exercises in the preparation of DOE-STD-3007-2007 compliant criticality safety 
evaluations (LANL) that integrate topics 2. – 7. 

T&EP Specific Course Description (1st week) 
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• Tour experiments facilities (SNL, NCERC) 
• Receive SNL or NCERC classroom refresher training and education in 

– Reactor theory, subcritical multiplication, inverse multiplication 
techniques, and nuclear instrumentation, 

– Sub-critical & Critical experimentation 
• Historical perspective 
• Accident scenarios 
• Lessons learned 

– Development of experimental plans 
– “Hands-on” sub-critical experiments 
– Remote assembly critical experiments 

• Conduct supervised experiments (SNL or NCERC) 
• Analyze supervised experiments results (SNL or NCERC) 

 

T&EP Specific Course Description (2nd week) 
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SNL Hands-on Course 
• The hands-on subcritical and critical experiments are 

performed in the SNL SPRF/CX lattice water tank 

• EX1: Approach to critical on fuel loading 

• EX2: Approach to critical on moderator height 

• EX3: Approach to critical on fuel separation 

• EX4: Interior fuel rod removal 
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NCERC Hands-on Course 

 

8 HEU shells (93.2%) 

93.2% HEU metal foils 

93% HEU metal, nat. U refl. 

α-phase Pu, poly refl. 

http://www.google.com/imgres?imgurl=http://www.fas.org/irp/imint/doe_nts_nf136s.jpg&imgrefurl=http://www.fas.org/irp/imint/doe_nts_nf136.htm&h=300&w=733&sz=53&tbnid=7GofoclePGQH8M:&tbnh=61&tbnw=149&prev=/search?q=device+assembly+facility&tbm=isch&tbo=u&zoom=1&q=device+assembly+facility&docid=bQsMrhcW55yQLM&hl=en&sa=X&ei=VIU9TsW8OaP10gGJmonbAw&sqi=2&ved=0CDYQ9QEwBA&dur=3393
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• RFPs solicited from potential contributing organizations Q1 & Q2 FY10 
(9 contractors, 5 universities, 5 labs, 2 individuals) 

• RFPs evaluated Q3 FY10 

• Selection of program contributors completed Q4 FY10 

   

• Collaborative planning begun Q4 FY10 

• DOE NCSP T&EP 5-year plan submitted Q3 FY10 

• T&EP Strategic Plan submitted Q4 FY10 

• T&EP schedule & calendar distributed Q2 FY11 

• T&EP first Pilot held Q4 FY11 

• Review and comments resolution in December 2011 

• T&EP semi Pilot/Course held Q2 FY12 

T&EP Implementation Timeline 
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• August 8-12, 2011 LANL Classroom Training 

• Instructors from LANL, DOE, ORNL, SNL 

• Hands-on: 

• August 15-19, 2011 SNL Hands-on Course 

• Instructors from SNL 

• August 29-Sept. 1, 2011 NCERC Hands-on Course 

• Instructors from LLNL, LANL 

• Pilot Attendee/Reviewers: Calvin Hopper, Mike Dunn, 
Jeff Chapman, Gladys Udenta, Jim Felty, Lori Scott, 
Adolf Garcia, Jerry Hicks, Rick Anderson, Mark Lee,  
Pat Moss  

 

 

First Pilot 
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• January 23-27, 2012 LANL Classroom Training 

• Instructors from LANL, DOE, ORNL, SNL 

• Hands-on: 

• January 30-February 3, 2012 NCERC Hands-on Course 

• Instructors from LLNL, LANL 

• February 6-10, 2012 SNL Hands-on Course 

• Instructors from SNL 

• Attendee/Reviewers: Sedat Goluoglu, Gladys Udenta, 
Jim Felty, Lori Scott, Jerry Hicks, Catherine Percher, 
Allison Miller 

• Attendees: Brent Beatty, Joe Christensen, Denis Beller 

Second Pilot/Training 
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• 2 T&EP courses scheduled for completion in FY12 (March 
course cancelled) 

• May 14-18 LANL Classroom Training 

• May 21-24 NCERC (TACS only) Hands-on Course 

• May 21-25 SNL Hands-on Course 

• August 20-24 LANL Classroom Training 

• August 27-31 NCERC Hands-on Course 

• August 27-31 SNL Hands-on Course 

• 4 Classes anticipated for out years 

• Accelerated development of a Course for Managers 

• Allow discontinuous attendance 

• Issue certificate after completing both weeks 

Current Status 
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Reminder 

This Course is to supplement NCSE training 
and education that is typically not 
available from the employer  

(i.e., hands-on critical and sub-critical experiment training 
in experiments facilities, education in DOE Headquarters 
regulatory interpretations, and expectations for site 
nuclear criticality safety programs – e.g., review of 
process criticality accidents, criticality safety evaluations, 
computations education) 
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Completion Certificates 

• Must attend both classroom and one of the 
hands-on weeks.  

• Must demonstrate comprehension: must pass 
closed-book tests with 80% or better for both 
weeks to receive a certificate of completion. 

• If failed, may attend the course again (with 
approval) 



recognizes and appreciates the participation of 
 

Lori Scott 
  

in the Criticality Safety Engineer Hands-On Training and Education Course. 
 

January 23-27, 2012 (LANL) 
February 6-10, 2012 (SNL) 

 
This certificate is issued upon successful attendance and demonstration of comprehension of 
the topics and skills that are offered at the Los Alamos National Laboratory classroom 
education and TA55/PF4 Facilities and the Sandia National Laboratory. 

 
            

  
  
 

Nuclear Criticality Safety Program Manager,  
National Nuclear Security Administration 

The United States Department of Energy 
Nuclear Criticality Safety Program  
 



17 Managed by UT-Battelle 
 for the U.S. Department of Energy US DOE Nuclear Criticality Safety Program Training and Education Project 

 
Questions? 



Lawrence Livermore National Laboratory  
 

Training and Education 
FY2011 Accomplishments 

Presented by: 
 

Catherine Percher 

NCSP 
NUCLEAR CRITICALITY 
SAFETY PROGRAM 

Lawrence Livermore National Laboratory, P.O. Box 808, L-198, Livermore, CA 94551-0808 
This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344 

LLNL-PRES-535331 



LLNL 4 Day NCS Training Overview 
• First class in August of 2006 

•  Curriculum designed to satisfy DOE-STD-1135-99 requirements for 
 hands-on NCS Training and reviewed by CSSG in 2006 

•   Lecture topics follow 1135 and include: 
•   Criticality Safety Fundamentals 
•   DOE NCS Regulations 
•   Hand Calculations and Computational Methods 
•   NCS Evaluations 
•   Nuclear Instrumentation and Physics of Multiplying Systems 
•   Criticality Accidents, including an in-class exercise with the 

 ORNL Criticality Accident Slide Rule 
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Training Assembly for Criticality Safety (TACS) 

• Eight Nimbus HEU Shells 
• Vertical lift machine with 

lower, moveable platform 
driven by a hand crank 

• 1-D, spherical assembly 
• Driven by neutron source 
• Subcritical with a peak 

multiplication of 10 
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FY2011 Accomplishments Overview 

• 7 classes conducted at LLNL with 64 students (student 
demographic information on next slide) 

 
• Started up TACS in DAF as part of the new NCSP T&EP 

Nuclear Criticality Safety Engineer Hands-on Training and 
participated in the first pilot course 

 
• Best poster award at ICNC 2011  

– Poster quantifying the effectiveness of operator hands 
as reflectors based on data gathered during LLNL 
classes 
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FY2011 Student Demographic Information 
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Transition to DAF 
• LLNL shipped all TACS materials to DAF in July 2011 
 
• Extensive effort over the summer to stand up TACS 

operations 
– Safety plans, work packages, radiation work permits 
– Workstation set-up (temporary location) 

 
• Readiness Assessment (RA) for TACS 

– Management Requirements Certification Board 
(MRCB)  

– LLNL passed with no findings or areas for improvement  
– Start up approval in early August 2011 
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First Pilot NCSP T&EP Class 

• TACS debuted in DAF during the first pilot for the new 
NCSP T&EP Nuclear Criticality Safety Engineer Hands-on 
Training Course, August 29-September 2, 2011 

7 



ICNC 2011 Paper 
An Experimental Study of the Effect of Operator Hands on the 
Reactivity of a Fast Metal System, C. Percher and D. Heinrichs 

8 

• Effect of hand reflection on 
multiplication experimentally 
measured during classes 

• In 2008, we began measuring 
hand surface area and volume to 
try and correlate to multiplication 
increase 

• Multiplication effects of 52 
people’s hands were quantified 
using the fissile/surrogate 
multiplication measurement 
technique 



Data Presented at ICNC 2011 

9 

The maximum equivalent water thickness achieved was 1.4 cm (0.55 
inch) for four hands. Two hands produced a maximum equivalent water 
thickness of 0.9 cm. 



Critical Experiment Training
at Sandia

Nuclear Criticality Safety Program
Technical Seminar

Oak Ridge National Laboratory
March 14, 2011

Gary A. Harms
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SAND2012-1806P

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corporation, 
a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy’s 

National Nuclear Security Administration under contract DE-AC04-94AL85000.
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What is ahead

• We have developed a hands-on criticality 
experiments class 

• It is part of the US DOE Nuclear Criticality Safety 
Program (NCSP) Training and Education Program 
for Nuclear Criticality Safety Engineers

• The class is a series of four experiments
– Approach on fuel
– Approach on moderator height
– “Split table” approach
– Fuel removal approach

• Lectures on various subjects are interspersed 
throughout the experiments
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SAND2012-1806P

Classroom discussions are
interspersed through the experiments

• The basics of criticality safety
• Criticality safety data and limits
• Historic critical experiments
• Subcritical multiplication
• Reactor theory and kinetics
• Description of selected critical mass accidents
• The design and operation of critical experiments at Sandia
• Radiation detection in the experiments
• Results of Sandia critical experiments
• The development and use of critical experiment 

benchmarks
• Light water reactor concepts as applied to the Sandia 

experiments
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Experiment 1
Approach to Critical on Fuel Loading
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Experiment 1 Overview

• We perform an approach-to-critical experiment by 
loading fuel into the fully-reflected assembly

• This is the way we normally perform experiments
• Criticality safety parameters that are in play:

– Mass
– Moderation
– Reflection
– Absorption

• Application to criticality safety:
– What happens when the number of fuel lumps in an 

array increases?
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Core Loading Experiment Configuration 1

Fuel Rods:  836

k ~ 0.95
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Core Loading Experiment Configuration 2

Fuel Rods:  895

k ~ 0.97
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SAND2012-1806P

~Critical Core Loading

Fuel Rods:  1060

k ~ 1.00 (at 1059.6 rods)



Sandia Hands-On Training – p. 9

SAND2012-1806P

Mechanics of the Experiment

• The number of fuel rods in the core changes 
• The fuel configurations are guided by the count 

rates
• The class sorts the fuel rods and passes them to 

the operations staff
• The operations staff places fuel rods in the core
• The minimum fuel increment is eight rods
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The Experiment Process

• The desired fuel rod array is loaded
• The safety rods are “cocked”
• The reactor room is cleared
• The core tank is filled with water
• The control rod is raised – this puts the assembly in its most 

reactive condition in this operational mode
• Counts are taken
• The core tank is drained
• The control rod is lowered
• The safety rods are dropped
• The next fuel increment is determined from the count rates
• The reactor room is opened
• Loop back to the first step on this page
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Approach on Fuel Loading
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1047 165607 156219 0.0370 0.0361 1058.71 1052.86 1058.91 1052.96
1055 626813 596754 0.0098 0.0094 1057.87 1056.44 1057.84 1056.42

Count Rate Inverse Count Rate Channel A Channel B



Sandia Hands-On Training – p. 12

SAND2012-1806P

Experiment 2
Approach to Critical on Moderator Height
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Experiment 2 Overview

• We perform an approach-to-critical experiment by 
increasing the moderator height in the assembly 
with a constant fuel loading

• Criticality safety parameters that are in play:
– Moderation
– Geometry
– Mass

• Application to criticality safety:
– What happens to an array that becomes flooded?

13
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The Fuel Rod Configuration

1137 fuel rods
The blue rods are the difference from the fully-reflected 

critical array in the first experiment

Source
(at the midplane of the fuel)

This configuration goes 
critical with the moderator at 
about 95% of the fuel height
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Moderator Height Experiment 
Configuration 1

Fuel Rods:  1137
keff: ~0.90

Water Depth: 271.6 mm
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Moderator Height Experiment 
Configuration 2

Fuel Rods:  1137
keff: ~0.95

Water Depth: 341.3 mm
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Moderator Height Experiment at DC

Fuel Rods:  1137
keff: ~1.0

Water Depth: 461 mm
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Mechanics of the Experiment

• The number of fuel rods in the core is constant
• The approach-to-critical is done with the depth of 

the moderator in the core tank as the free 
parameter

• The choice of water depth is guided by the count 
rates

• This approach is done remotely (we don’t go into 
the reactor room)

• The minimum water height increment is 5 mm
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The Experiment Process

• The desired fuel rod array is loaded
• The safety rods are “cocked”
• The reactor room is cleared
• The core tank is filled with water to the height that gives a 

calculated keff of about 0.90
• The control rod is raised
• The slow pump is turned on – the water height in the core is 

controlled by the setting of the overflow standpipe
• When the water level in the core tank reaches the standpipe, 

counts were taken [A]
• The next water level is determined from the previous two counts
• The standpipe is set for the new water level
• Loop back to the step marked [A]
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Approach on Moderator Level
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Channel A
Channel B
SCALE5.1+ENDF/B-VI.7

Water Level Ch. A Ch. B Ch. A Ch. B Projected Next Projected Next
271.7 1034 853 1.0000 1.0000
341.4 3108 2847 0.3327 0.2996 376.15 358.77 371.22 356.31
357 3917 3565 0.2640 0.2393 416.93 386.97 418.86 387.93

382.9 5826 5521 0.1775 0.1545 436.04 409.47 430.11 406.50
408 9687 8939 0.1067 0.0954 445.87 426.94 448.54 428.27

424.1 14600 13547 0.0708 0.0630 455.84 439.97 455.33 439.72
440.2 26853 25241 0.0385 0.0338 459.38 449.79 458.85 449.53
450 50723 48777 0.0204 0.0175 461.02 455.51 460.51 455.25

456.1 113530 108681 0.0091 0.0078 461.03 458.56 461.07 458.58

Count Rate Inverse Count Rate Channel A Channel B
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Experiment 3
Approach to Critical on Fuel Lump Separation
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Experiment 3 Overview

• We perform an approach-to-critical experiment by moving two 
roughly equal (and unchanging) fuel lumps toward each other

• This simulates experiments done with a horizontal split table 
machine

• Criticality safety parameters that were in play:
– Interaction
– Moderation

• Application to criticality safety:
– What happens as two fuel masses are moved progressively 

closer to one another?
– What happens when two neighboring fuel masses are moved 

apart?
– This experiment is applicable to many accident configurations.

22
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  5.130 cm
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  4.275 cm
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  3.420 cm
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  2.565 cm
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  1.710 cm
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Core Separation Experiment Configurations

Fuel Rods:  477 (left) + 444 (right) = 921 (total)

Separation:  0.855 cm
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Core Separation Experiment Configurations

Fuel Rods:  921
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Fuel Separation Experiment
6

5 4 3

2 1 0

This experiment demonstrates the trade-off between 
increasing interaction between the core halves as they 
come together and decreasing moderation as the water 
is squeezed from between the core halves.
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Approach on Fuel Separation
Approach on Decreasing Slot Width
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Channel A
Channel B
MCNP5+ENDF/B-VII.0

Rows Holes Ch. A Ch. B Ch. A Ch. B Projected Next Projected Next
6 198 17957 45453 1.0000 1.0000
5 165 34035 61171 0.5276 0.7430 3.88 4.44 2.11 3.55
4 132 82682 106178 0.2172 0.4281 3.30 3.65 2.64 3.32
3 99 346693 360622 0.0518 0.1260 2.69 2.84 2.58 2.79
2 66 290713 305421 0.0618 0.1488 8.19 5.10 8.53 5.27
1 33 71572 96942 0.2509 0.4689 2.33 1.66 2.46 1.73
0 0 28105 54327 0.6389 0.8367 1.65 0.82 2.27 1.14

Count Rate Channel BChannel AInverse Count Rate



Sandia Hands-On Training – p. 32

SAND2012-1806P

Fuel Separation (2)

654

321

0

The reverse order demonstrates increasing moderation 
first and the decrease in reactivity as the core halves 
move “to far” apart.
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Approach on Fuel Separation (2)
Approach on Increasing Slot Width
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Channel A
Channel B
MCNP5+ENDF/B-VII.0

Rows Holes Ch. A Ch. B Ch. A Ch. B Projected Next Projected Next
0 0 28105 54327 1.0000 1.0000
1 33 71572 96942 0.3927 0.5604 1.65 1.32 2.27 1.64
2 66 290713 305421 0.0967 0.1779 2.33 2.16 2.46 2.23
3 99 346693 360622 0.0811 0.1506 8.19 5.60 8.53 5.77
4 132 82682 106178 0.3399 0.5117 2.69 3.34 2.58 3.29
5 165 34035 61171 0.8258 0.8881 3.30 4.15 2.64 3.82
6 198 17957 45453 1.5651 1.1952 3.88 4.94 2.11 4.05

Count Rate Channel BChannel AInverse Count Rate
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Experiment 4
Interior Fuel Rod Removal
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Experiment 4 Overview

• We determine the effect of removing fuel rods from 
the interior of the fuel array

• We are actually replacing fuel rods with water
• Criticality safety parameters that are in play:

– Mass
– Moderation
– Reflection
– Absorption

• Application to criticality safety:
– What happens to a compact array of fuel lumps if the 

array becomes more spread out?

35
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Fuel Replacement with Water
Configuration 0

36

1032 Fuel Rods
0 Water Holes (the source doesn’t count)

Remember that this core is 
critical with about 1060 rods 
(first experiment)
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Fuel Replacement with Water
Configuration 1

37

1028 Fuel Rods
4 Water Holes
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Fuel Replacement with Water
Configuration 2

38

1024 Fuel Rods
8 Water Holes
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Fuel Replacement with Water
Configuration 3

39

1020 Fuel Rods
12 Water Holes
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Fuel Replacement with Water
Configuration 4

40

1016 Fuel Rods
16 Water Holes
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Approach on Water Holes

0 4 8

12 16
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Approach on Water Holes
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Fuel Rods Removed From the Assembly
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Channel A
Channel B

Rods Ch. A Ch. B Ch. A Ch. B Projected Next Projected Next
0 73697 69113 1.0000 1.0000
4 107895 101371 0.6830 0.6818 12.62 8.31 12.57 8.29
8 196099 184739 0.3758 0.3741 12.89 10.45 12.86 10.43

Channel A Channel BCount Rate Inverse Multiplication
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Concluding Remarks

• We are now offering a hands-on criticality 
experiments class as the second week in the 
NCSP T&EP course for Nuclear Criticality Safety 
Engineers

• The class focusses on four experiments, all using 
a different approach variable

• The experiments are accompanied by a series of 
lectures intended to supplement the experiments
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Critical Experiments at Sandia
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