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Integral Experiments
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• Integral experiments are measurements 
with a neutron energy spectrum
– Measurements are not made as a function of 

energy, but by some other indicator
– Eg. A nuclear reactor measuring keff

– Can be critical, subcritical, above critical, or 
even non-fissile (pulsed spheres, shielding) 

• Valuable to nuclear criticality safety
– Used to determining upper subcritical limits and 

biases
• Useful for improving nuclear data

– Used to identify issues with nuclear data and 
isotopes/energy regions where nuclear data can 
be improved



Integral Experiments at NCERC
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• The National Criticality Experiments Research Center (NCERC) is a 
general purpose critical experiments facility – the only one in the US.

• Operated by Los Alamos National Laboratory. 
– Long history of performing critical experiments

• Four critical assemblies
– Also subcritical assemblies

• Very flexible
– Can measure many materials – different fuels (HEU, Natural U, Pu, Np)
– Fast, thermal and intermediate energy spectra



Why Iron?
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• Iron is used in pretty much everything
– Largest component of steel
– Very important for many applications

• In 2013, CIELO (Collaborative International Evaluation Library 
Organization) project began 
– Part of OECD/NEA Working Party on Evaluation Cooperation (WPEC) Subgroup 40
– Collaboration of many of the world’s experts in experiments, theory, simulations, and 

evaluations
– They focused on improving nuclear data for the most important nuclides
– Hydrogen, Oxygen, Iron, 235U, 238U, 239Pu



Why Iron?
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• So what happened? 
• Iron evaluations were improved, but in some cases, lack of data 
• For 56Fe in particular:

– Still issues with the resolved resonance region and fast scattering
– Chromium and minor isotopes of Fe need to be measured more accurately
– Potential issues with the low energy background



Why Iron?
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HMI1 (ZPR-34/9)

PMI2 
(ZPR-6/10)

Naming convention:
First letter
H = HEU 
I = IEU 
L = LEU 
M = MIX
P = Pu

Second letter
M = Metal
C = Compound
S = Solution

Third letter
F = Fast
I = Intermediate
T = Thermal
M = Mixed



Why Iron?
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• Also an NCSP Priority (Five year plan)
– NCSP funded evaluation work for Iron, has recognized Iron and Chromium as 

priorities
2018

2019



Why Iron?
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• Intermediate Iron (Steel) and Chromium benchmarks were also listed as 
priorities in 2011 – slide from Dr. Catherine Percher of LLNL



Why Iron?
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• Cross Section Evaluation Working Group meeting was Nov 4-8 
• Discussion of Iron – slide from Dr. Andrej Trkov of IAEA:



Why Iron?
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• Dr. Luiz Leal at IRSN is currently working on 54Fe and 56Fe evaluations
• Additionally, J-PARC accelerator will be measuring transmission and 

capture below 50 keV for 54Fe, 56Fe and 57Fe using enriched samples. 
• Finally, lack of benchmarks sensitive to Iron (especially in the 

intermediate energy region)



Why Chromium?
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• Chromium is a large component of stainless steels (up to 20%)
• Also a high priority need, also lacks benchmarks
• Problems with resonances in 50Cr and 53Cr near 5 keV
• Slide from Dr. Trkov – one note, ZPR-6/10 (PMI-2) is an outlier



Why Iron and Chromium?
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• Number of benchmarks sensitive to iron and chromium as a function of 
energy

Natural Iron:
54Fe – 5.85%
56Fe – 91.75%
57Fe – 2.12%
58Fe – 0.28%

Nat Chromium:
50Cr - 4.345%
52Cr - 83.789% 
53Cr - 9.501%
54Cr - 2.365%

30 keV<1eV



Why Iron and Chromium?
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To summarize:
• Lack of intermediate benchmarks
• Issues with existing nuclear data
• Ongoing measurement and evaluation work
• New benchmarks will be useful for validating the quality of these 

evaluations

But why measure iron and chromium? 
• Some issues with 56Fe nuclear data are caused by lack of information on 

minor iron isotopes and chromium. 
• By making integral measurements of various iron and chromium in 

different ratios, can help isolate the impact of chromium. 



Proposed measurement series
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• Three sets of material, each with multiple measurements
– Basically an extension of the Zeus series
– Carbon Steel (~99% Iron)
– Stainless Steel 304 (or an iron-chromium alloy)
– IronClad/C26M/FeCrAl

• Accident Tolerant Cladding material – being tested in multiple commercial reactors
• Developed by ORNL, GE Global Nuclear Fuel is manufacturing

Carbon Steel
AISI 1018

IronClad/C26M SS 304

Fe 98.81-99.26 79.95 66.5-74.0
Cr 0 12 18.0-20.0
Ni 0 0 8.0-10.5
Mn 0.60-0.90 0 ≤2.0
Al 0 6 0
Si 0 0 ≤0.75
N 0 0 ≤0.10
C 0.14-0.20 0 ≤0.08
P ≤0.04 0 ≤0.045
S ≤0.05 0 ≤0.03
Mo 0 2 0
Y 0 0.05 0



Proposed measurement series
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• Will use the Comet critical assembly
• Initial design

– Cylindrical metal plates 
– HEU Jemima plates (blue)
– Iron/Steel plates (red)
– Moderator plates (green)

• Energy spectra will be tuned by adding or 
removing moderator plates

• Goal
– 1 fast configuration
– 1 fast/intermediate

configuration
– 1 intermediate 

configuration



Previous measurements
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• ZEUS – HEU plates, high density polyethylene (HDPE), carbon steel
– HEU-MET-FAST-72 in ICSBEP

• Three cases
– Case 1 and 2 – no HDPE
– Case 3 – 12 plates of HDPE

• Case 3 was almost 50% Fast, 50% Intermediate



Design optimization process
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• Currently have a basic idea, partially based on previous ZEUS 
measurements and other constraints (size, weight, fuel availability, etc.)
– Foil irradiations may also be added to obtain spectral information

• Newer experiments LANL has designed have much higher intermediate 
fluxes

• LANL has developed optimization tools to help design critical 
experiments as part of the ARCHIMEDES LANL LDRD
– Isaac Michaud gave a talk on this on Tuesday:

“Designing Critical Experiments Using Gaussian Process Optimization”
• Optimization tools will be used to determine:

– Best moderating material and thicknesses
– Best reflector material

• Currently copper is used as a reflector material – to maximize sensitivity to iron, 
an iron reflector may better 



Looking for input/feedback
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• What would make this experiment most useful to you? 



Thank you!
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