
LA-UR-22-20993
Approved for public release; distribution is unlimited.

Title: IER 537: CERBERUS – Copper Critical Experiment Design

Author(s): Amundson, Kelsey Marie
Cutler, Theresa Elizabeth
Thompson, Nicholas William

Intended for: 2022 Nuclear Criticality Safety Program Technical Program Review,
2022-02-15/2022-02-17 (virtual, Tennessee, United States)

Issued: 2022-02-16 (rev.1)



Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001.  By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government
purposes.  Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of
Energy.  Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does
not endorse the viewpoint of a publication or guarantee its technical correctness.



12/16/2022 12/16/2022

IER 537: CERBERUS – Copper 
Critical Experiment Design

Kelsey Amundson, Theresa Cutler, 
Nicholas Thompson

2022 NCSP TPR

LA-UR-22-20993



22/16/2022

IER 537 CED Team

• Team Lead: Theresa Cutler

• Experiment Member: Kelsey Amundson

• NDAG Member: Mike Zerkle

• Methods Member: Jordan McDonnell

• Additional Members: Joetta Goda & Vlad Sobes

• Advisors: Bob Little, Toshihiko Kawano, Jesson Hutchinson, Nicholas 
Thompson, Luiz Leal



32/16/2022

Preliminary Design Criteria

• Experiment parameters
�í Critical 
�í Intermediate – fast energy
�í HEU Fuel
�í Maximize sensitivity to Cu scattering (elastic & angular)

• Outcomes
�í Test current copper cross sections 
�í Improve understanding of the intermediate energy region
�í Reduce (C-E) for Zeus experiments
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HMI-006 Case Analysis
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Zeus Series

• Large C-E values exist in the Zeus series

• The decreased C-E in ENDF/B-VIII.0 is primarily due to changes in U-235 
cross-sections [1]

[1] T. Cutler, J. Hutchinson, R. Little (2019). NCSP IER 489 CED-3a Documentation. Los 
Alamos National Laboratory.
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HMI-006 Fission Distributions

Case
% Thermal
(<0.625eV)

% Intermediate
(0.625eV – 100keV)

% Fast
(>100keV)

EALF
(keV)

1 1.11 72.77 26.12 4.8714

2 0.26 69.55 30.19 9.9346

3 0.03 63.19 36.78 22.933

4 0.00 49.48 50.52 78.472
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HMI-006 sensitivities

Elastic scatter Elastic Law (P1) Elastic Law (P2)

ENDF/B-VIII.0 cross sections, MCNP6.2

Elastic law (P1 and P2) are 
Legendre scattering moments
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Conclusions from HMI -006 and Energy Grid Evaluation

• HMI006 cases maximize sensitivity to Cu-63 300 keV – 1 MeV
�í Elastic law sensitivities maximized 200 keV – 800 keV

• For scattering law, we should focus on P1 and P2
�í P3 and above are too noisy

• Use 252 group energy binning for sensitivities

• Path forward
�í Focus on two energy ranges maximizing Cu-63 elastic cross section

�ƒ 100 – 600 keV
�ƒ 600 – 900 keV
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Experiment Designs:
An illustration of two possible arrangements

• Cylindrical (core & reflector)

• Jemima Plates: 0.118 in thick & 
21 in diameter

• ENDF/B-VIII.0 Cross-Sections

• MCNP6.2
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Evaluation of Potential Configurations 

• Configurations down selected from CED-1
�í Alumina and SiC
�í Base case likely a useful reference case

• Configurations discussed following Nov 2021 CED-2 Kick-off
�í Additional materials investigated: Be, BeO, and graphite
�í 15” vs. 21” Jemima plates

• All configurations presented near keff=1

• Legend key
�í Moderator, Cu, Cu thickness, moderator thickness, number of units
�í Ex: Al-Cu_0.3_1.0_9.o

�ƒ Alumina moderator, includes Cu, 0.3 cm Cu, 1.0 Alumina, 9 units
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Base (Cu only)

• Sensitivity maximized 200 keV– 1 MeV
• Sensitivities much greater magnitude than HMI-006
• Fission sensitivity (not shown) much faster energy

Elastic scatter Elastic Law (P1) Elastic Law (P2)
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Base Case (Cu only) Fission Distributions

Cu Thickness 
(cm)

% Thermal
(<0.625eV)

% Intermediate
(0.625eV – 100keV)

% Fast
(>100keV)

EALF
(keV)

0.5 0.00 24.81 75.19 250.37

0.7 0.00 26.69 73.31 227.65

0.9 0.00 28.69 71.31 207.81

1.0 0.00 29.70 70.30 198.97
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Elastic Scatter Comparison 21” Base+: Alumina, SiC, 
Graphite, Be, BeO
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Fission Comparison 21” Base+: Alumina, SiC, Graphite, Be, BeO
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Elastic Scatter and Fission Comparison: Best of Each

Elastic scatter Fission
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Elastic Law P1 and P2 Comparison: Best of Each

Elastic Law (P1) Elastic Law (P2)
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Fission Distributions for Best Configurations

2nd Interstitial Material Cu 
Thickness 

(cm)

% Thermal
(<0.625eV)

% 
Intermediate
(0.625eV –
100keV)

% Fast
(>100keV)

EALF
(keV)

Material
Thickness 

(cm)

Alumina 1.0 0.9 0.00 55.86 44.14 63.295

SiC 1.0 0.5 0.00 50.02 49.98 81.681

BeO 0.2 0.4 0.00 40.16 59.84 135.08

Graphite 2.5 0.9 0.28 72.71 27.01 7.4486

Be 0.6 1.0 0.00 62.35 37.65 28.746
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Total Sensitivity Rankings for Best Configurations

Ranking Alumina SiC BeO Graphite Be

3 Cu-63elastic Cu-63 elastic Cu-63 elastic C-12elastic Be-9 elastic

4 U-235 n,�v U-235 n,�v U-235 n,�v U-235 n,�v Cu-63 elastic

5 Cu-63n,�v C-12 elastic Cu-63 elastic law Cu-63elastic U-235 n,�v

6 O-16 elastic Cu-65 elastic Cu-65elastic Cu-63 n,�v Cu-63 n,�v

7 Cu-65 elastic Cu-63 n,�v Cu-63 n,�v Cu-65 elastic Cu-65 elastic

U-235 total nu and fission are the top two reactions for all configurations
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Configurations from CED-1: Alumina
Varied Interstitial Cu Thickness

Elastic scatter Elastic law (P1) Elastic law (P2)

Very small change in magnitude

No change in shape of sensitivity profile
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Configurations from CED-1: Alumina
Varied Interstitial Alumina Thickness

Elastic scatter Elastic law (P1) Elastic law (P2)

Small change in magnitude

No change in shape of sensitivity profile
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Configurations from CED-1: Alumina
Varied Reflector Thickness

Elastic scatter Elastic law (P1) Elastic law (P2)

Small change in magnitude

No change in shape of sensitivity profile



222/16/2022

Conclusions

• Near critical is challenging to significantly change Cu-63 elastic scattering 
sensitivity profile

• BeO and SiC show most promise
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Future Work

• More detailed model

• Additional investigation
�ò Varying interstitial material thicknesses
�ò Varying Cu reflector thickness

• Cost analysis

• Down select to final set of configurations
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Project Timeline

Task

FY 21 FY 22 FY 23 FY 24

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

CED-1
ApprovedJune 

2021

CED-2

CED-3A

CED-3B
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Experiment Purpose

• Few benchmarks sensitive to Cu

• Few experiments in the 
intermediate energy range

• Differences between integral 
benchmarks with Cu and MCNP 
simulations 

Heat map courtesy of Nick Thompson
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Configurations from CED-1: SiC
Varied Interstitial SiC Thickness

Elastic scatter Elastic law (P1) Elastic law (P2)

Change in peak area ratios (higher energy peak gets smaller 
than lower energy peak)
No other change in spectra peaks
Better promise in change compared to Alumina
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Configurations from CED-1: SiC
Varying Reflector Thickness

• SiC1.0 cm, Cu 0.5 cm, 21” Dia. Jemima
• Varied Cu reflector thickness
• All configurations near critical by 

adjusting # of units
• maximized 400 keV– 900 keV
• Second peak 100 keV- 250 keV

• Last entry in file name is thickness

• Change in energy sensitivity with 
variation

• Shift in energy toward 2nd peak
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• Elastic Law, P1 
• SiC1.0 cm, Cu 0.5 cm, 21” Dia. Jemima
• Varied Cu reflector thickness
• All configurations near critical by 

adjusting # of units
• maximized 300 keV– 700 keV

• Last entry in file name is reflector 
thickness

• Change in magnitude of sensitivity
• No change in energy

Configurations from CED-1: SiC
Varying Reflector Thickness



312/16/2022

Configurations from CED -1: SiC
Varying Reflector Thickness

• Elastic Law, P2 
• SiC1.0 cm, Cu 0.5 cm, 21” Dia. Jemima
• Varied Cu reflector thickness
• All configurations near critical by 

adjusting # of units
• Last entry in file name is thickness
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Conclusions from reflector vary for SiC

• Notable change in energy sensitivity for elastic scatter
�í Shift to lower energy peak with decreasing reflector

• Notable change in sensitivity magnitude for elastic law (P1)

• Not shown for follow-on materials (plots do exist)
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Elastic Scatter Comparison Be: 15” vs 21” Jemima
Same Thicknesses  

21”15”

With the same configuration parameters, the 21” has a lower magnitude 
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Elastic Scatter Comparison Be: 15” vs 21” Jemima
Optimal Thicknesses for 15” and 21”  

21”15”

Very similar shape and values for sensitivity for 15” and 21”
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Elastic Scatter Comparison BeO: 15” vs 21” Jemima  

21”15”

Very similar shape and values for sensitivity
- 21” slightly larger in magnitude, likely due to smaller BeOthicknesses
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Elastic Law P1 Comparison BeO: 15” vs 21” Jemima  

21”15”

Very similar shape and with larger values for sensitivity
21” slightly larger in magnitude, likely due to smaller BeOthicknesses
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Elastic Law P1 Comparison Be: 15” vs 21” Jemima  

21”15”

Very similar shape and values for sensitivity
21” slightly larger in magnitude, likely due to smaller Be thicknesses
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