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Figure 8. Exemplary molten salt fast reactor model (Terrapower 2020). 

2.4 HEAT PIPE REACTOR 

Heat pipe reactors are microreactors with small core diameters. These reactors mainly consist of a reactor 
core with a reflector, shielding, and a heat removal system. A stainless-steel monolithic core contains the 
fuel and the heat pipes. Many different heat pipe reactor concepts are currently under development. Most 
of these systems use 19.75 wt% 235U enriched UO2, UN, or U-10Zr fuel with potassium (K), sodium (Na), 
or NaK as coolant. Reflector materials placed above the fuel and radially surrounding the core are BeO, 
steel, and/or Al2O3. Reactivity control is performed using boron-containing control drums. Depending on 
the design, the temperature of the coolant in the heat pipes is 620–730°C, and the fuel temperature is only 
slightly higher than that of the coolant and under 800°C. Diagrams of a potassium-cooled UO2 fuel heat 
pipe reactor are provided in Figure 9 and Figure 10 (Yan et al. 2020, Sterbentz et al. 2018, Maoioli et al. 
2019, Matthews et al. 2019, Clark et al. 2020). 
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require detailed 
and complex 
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NIF from LLNL

Ethan Balkin’s WANDA 2024 talk Veronica Chen in https://str.llnl.gov/2019- 05/burks (2019)
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Our goal is to get the highest quality data to users

The Nuclear Data Pipeline

Our goal is to get the highest 
quality data and uncertainties to 

users

energyisotopessecurity science

Experiment Transport 
Codes User

Data 
Processing BenchmarkingTheory & 

Evaluation

The Nuclear Data Pipeline



Uncertainties are needed so users can properly inform priorities

The Nuclear Data Pipeline
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Why do we need experiment?

Experiment Transport 
Codes User

Data 
Processing

BenchmarkingTheory & 
Evaluation

Sensitivity (/Uncertainty) Study

• We do not fully understand the physics 
• We can not theoretically calculate Nuclear Data 

with sufficient accuracy required by applications
• Experiments constrain the uncertainty of evaluated data 
• Test the accuracy of evaluated files and codes physics 

Slide based on Y. Danon’s WANDA 2020 Pipeline Talk
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• We do not fully understand the physics 
• We can not theoretically calculate Nuclear Data 

with sufficient accuracy required by applications
• Experiments constrain the uncertainty of evaluated 

data files 
• Test the accuracy of evaluated files and transport 

codes physics 

Differential experiments, examples:
• Neutron cross section as a function of neutron energy 
• Neutron capture cascades gamma spectrum
• Fission fragment yields
• Quasi-differential experiments 

Validation experiments, examples: 
• Criticality experiments (benchmarks) 
• Integral shielding measurements
• Quasi-differential experiments 

Facilities at many 
National Labs and 

universities

Archived in EXFOR
https://www-nds.iaea.org/exfor/ 

Slide based on Y. Danon’s WANDA 2020 Pipeline Talk

https://www-nds.iaea.org/exfor/


Theory + Experiment + Statistics = Evaluation
• Experiments rarely cover all that users want
• Nuclear Theory is needed!

 - Complete data files for users
 - Make predictions/extrapolate (beyond calibration)

 - Provide estimates of uncertainties & correlations
• Statistics provide the glue
 - “To the best of our knowledge...” 
     (given time, location, resources)
 - Bayesian statistics / Uncertainty Quantification

Experiment Transport 
Codes User
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Processing

BenchmarkingTheory & 
Evaluation

Sensitivity (/Uncertainty) Study
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Theory + Experiment + Statistics = Evaluation
• Experiments rarely cover the full space of what users need
• Nuclear Theory is crucial for the nuclear data evaluation 

process
 - Need for complete data files for users
 - Theory is needed for predictions (beyond calibration)

 - Provide estimates of uncertainties & correlations
• Statistics provide the glue
 - “To the best of our knowledge...” 
     (given time, location, resources)
 - Bayesian statistics / Uncertainty Quantification
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The appropriate theory is problem dependent:
• R-matrix for resonance region
• Optical Model + Hauser-Feshbach for higher energies
• Curve fitting when there is good data
• …

HPC needed in many cases: 
• Density functional theory (fission)
• Ab-initio methods
• Uncertainty quantification

AI/ML increasing 
integrated into 
evaluation process 

Slide based on P. Talou’s WANDA 2020 Pipeline Talk



Data Processing (and formats!)
• ENDF (and soon GNDS) is only an agreed upon intermediate 

format
 - Evaluations must be translated into a form digestible 
   by downstream codes

 - Requires deep understanding of physics in evaluations 
   and physics as implemented in downstream codes
• Data needed by user may not have a “spot” in existing 

evaluations or downstream codes
• Underappreciated potential bottleneck

Experiment Transport 
Codes User

Data 
Processin
g

BenchmarkingTheory & 
Evaluation

Sensitivity (/Uncertainty) Study

Codes such as 
NJOY, FUDGE and 
AMPX do this step

Slide based on J. Conlin’s WANDA 2020 Pipeline Talk



Transport codes
• Transport codes:
 - Numerically solve the linear Boltzmann Transport Eq.
 - Deterministic (SN,PN) & Stochastic (Monte Carlo)
• Calculations tend to be relatively 

expensive, driving codes to HPC 
and emerging architectures

• Transport code developers:
 - Often the first customer of nuclear data
 - Often develop a strong interest in nuclear data

 - Develop a deep understanding about need for 
                high quality data

Experiment
Transport 
Codes User

Data 
Processing

BenchmarkingTheory & 
Evaluation

Sensitivity (/Uncertainty) Study

Slide based on T. Bailey’s WANDA 2020 Pipeline Talk



Benchmarking
• Do you trust this Byzantine process?  
• You shouldn’t!
• Validation that analytical method adequately 

represents reality for a given application. 
• Integrated test of

Experiment Transport 
Codes User

Data 
Processing

BenchmarkingTheory & 
Evaluation

Sensitivity (/Uncertainty) Study

• Evaluated nuclear data
• Nuclear data processing codes
• Transport codes

Basic data for 
benchmark development
 Critical assemblies
 Subcritical assemblies
 Engineering mockup critical 

assemblies
 Reactor startup exp.
 Reactor operation data
 Shielding experiments

2

NCERC – BeRP Ball

NCERC – Planet

Slide based on M. Zerkle’s WANDA 2020 
Pipeline Talk
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NCERC – BeRP Ball

NCERC – Planet

Basic data for benchmark development
• Critical assemblies
• Subcritical assemblies
• Engineering mockup critical assemblies
• Reactor startup exp.
• Reactor operation data
• Shielding experiments

Well characterized experiments in 
established handbooks:
• ICSBEP (criticality safety)
• IRPhEP (reactor physics)
• SINBAD (shielding)

 Well characterized 
experiments

 Evaluate experimental 
uncertainties

 Bias and uncertainty for 
model simplifications
◦ Geometry simplifications
◦ Room return
◦ Material impurities

 Describe benchmark model
 Sample calculation results
 Disseminate for broader use
 Established Handbooks

◦ ICSBEP (criticality safety)
◦ IRPhEP (reactor physics)
◦ SINBAD (shielding)
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Uncertainty Quantification/Sensitivities
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LLNL-PRES-805902

Neutron Flux

Possibility A

Possibility B
Possibility C

Possibility A

Possibility B

Possibility C

Why Quantify Uncertainties?

What’s in the box? What was in the box?

Will this perform to specification?

Criticalilty

Uncertainty Quantification helps inform decision makers, and 
identifies sources of uncertainty that could be reduced.

Will neutrons be shielded adequately?

121 feet

Uncertainty 
Quantification 
helps inform 
decision 
makers, and 
identifies 
sources of 
uncertainty that 
could be 
reduced.

Slide based on R. Casperson’s WANDA 2020 
Pipeline Talk
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User Issues
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§ Requires credible uncertainties, otherwise 

garbage-in/garbage-out or nothing-
in/nothing-out.
— How best to validate covariances?
— How best to fix bad or missing covariances?

§ Challenging to quantify impact of individual 
reactions when sampling from correlated 
reactions.

§ Best method to define required experiment.
— Replace existing evaluation with hypothetical 

experiment?
— Trust existing evaluation and identify 

constraints that most impact applications?
— Work with evaluator?
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§ Requires credible uncertainties, otherwise 
garbage-in/garbage-out or nothing-
in/nothing-out.
— How best to validate covariances?
— How best to fix bad or missing covariances?

§ Challenging to quantify impact of individual 
reactions when sampling from correlated 
reactions.

§ Best method to define required experiment.
— Replace existing evaluation with hypothetical 

experiment?
— Trust existing evaluation and identify 

constraints that most impact applications?
— Work with evaluator?

Forms of Uncertainty Propagation
• UQ involves propagation of uncertainties through models of interest, and analysis of 

output distributions.
• Sensitivity studies useful as an intermediate step.
• Inverse UQ using experimental output data is 

relevant to some applications, and can produce 
constrained input distributions.

Slide based on R. Casperson’s WANDA 2020 
Pipeline Talk



US Nuclear Data Program is the 
custodian of most nuclear data needed 

for applications
Nuclear Science References (NSR)
Nuclear physics articles indexed according to content
EXFOR
Compiled nuclear reaction data
XUNDL
Compiled nuclear structure and decay data
ENSDF
Recommended nuclear structure and 
decay data
ENDF
Recommended particle transport and 
decay data, with a strong emphasis on 
neutron-induced reaction data

19

NNDC website:
www.nndc.bnl.gov

FIXM
E



The Cross Section Evaluation Working 
Group produces ENDF/B library
• Formed 1966 & Chaired by BNL
• Currently ~200 members of the collaboration 

from 25 institutions
• US programs, industry and international partners
• If you see something in the library, at some point a 

sponsor somewhere wanted it
• All steps of nuclear data pipeline 

coordinated through CSEWG
• Depending on what needs done, getting 

required data in library can be major effort

We are always open to new 
users and collaborators

CSEWG collaboration meeting in 
November 2022: our first in-person 
meeting since the pandemic started!



All steps of nuclear data pipeline are coordinated 
through CSEWG

Chair: 
David Brown (BNL)
dbrown@bnl.gov

Library Manager: 
Gustavo Nobre (BNL)
gnobre@bnl.gov

21

Experiment Transport 
Codes User

Data 
Processing BenchmarkingTheory & 

Evaluation

Sensitivity (/Uncertainty) Study

Evaluation
Transport and Neutrons: chair Mark Chadwick (LANL)

FPY and Decay: chair Toshihiko Kawano (LANL)
TSL: chair Ayman Hawari (NCSU)

Charged Particles: chair Marco Pigni (ORNL)

Validation
Chair: Mike Zerkle (NNL)

Covariances
Chair: Denise Neudecker (LANL)

Formats & Processing
Co-chair: Mike Dunn (Spectra Tech Inc.)

Co-chair: Doro Wiarda (ORNL)

Measurements
Chair: Yaron Danon (RPI)

Users
All of us!

mailto:dbrown@bnl.gov
mailto:gnobre@bnl.gov


• CSEWG and ENDF:
• Welcomes collaboration in and out of US (but inside is easier)
• Long tradition of quality/continuous improvement
• Conservative, driven by experiment when possible
• Golden Rule (whoever has the gold makes the rules) 

• USNDP and NNDC are a resource for many other data 
products

22

Summarizing



A Gallery of Nuclear Data 
Pipelines
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The pipeline is, of course, a metaphor and the 
contents depend on what message 

one is trying to convey

Experiment
Transport 
Codes User

Data 
Processing Benchmarking

Theory & 
Evaluation

Sensitivity (/Uncertainty) Study
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Theory & 
Experiment

Transport 
Codes User

Data 
Processing

Verification 
& ValidationEvaluation

Main points:
• There are a few important, high-level steps
• Theory and experiment are co-equal
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Main points:
• There are a few important, high-level steps
• The creator of the graphic was an experimentalist

PHYSICAL REVIEW RESEARCH 4, 021001 (2022)
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Figure 3.1: The various parts of the nuclear data pipeline are depicted.

defined as the second moment of a probability density p(xi, xj) between data points xi and xj :

Covij =

Z Z
(xi � hxii)(xj � hxji)p(xi, xj)dxidxj , (3.1)

with the mean value, hxii, being the first moment:

hxii =
Z

xip(xi, xj)dxi. (3.2)

A probability density function p(xi, xj) gives the “complete probability information” for these two
variables; sampling from it is akin to performing a measurement.

The diagonal of covariances stores the variance, vari, of an individual nuclear data point:

vari =

Z Z
(xi � hxii)2p(xi, xj)dxidxj . (3.3)

That can be translated to relative uncertainties, �i, by:

�i =
p
vari/hxii. (3.4)

The o↵-diagonal elements of a covariance matrix measure the linear dependence between x1 and
x2, and can be translated to correlation coe�cients, Corij , by:

Corij = Covij/(
p
varivarj) (3.5)

This correlation coe�cient can assume values between 1 and -1. In simpler terms: The diagonal of the
covariance matrix informs one how uncertain an individual data point is. The correlation coe�cient
encodes how xi and xj jointly vary together. If the correlation coe�cient between xi and xj is, e.g., 1,
and one increases xi, then xj is expected to increase with it.

Uncertainties on nuclear data stem from uncertainties on di↵erential experimental data and nuclear
models (parameter uncertainties and model defects). They can be reduced by folding in knowledge
from integral experimental data.

Nuclear data covariances can be used together with nuclear data mean values for adjustment.
Another use case is to employ them for uncertainty quantification where one estimates bounds on an

10

D. Neudecker, LA-UR-23-27944 
 

Main points:
• There are a few important, high-level steps
• There are several feedback loops in the process
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Slide 6

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA

The nuclear data (covariance) pipeline. 

Differential 
Experiment

Nuclear 
Theory

Evaluation Processing
Sensitivity Validation

Tuning
Corrections

General-
purpose 
Library

Adjusted
Libraries Application

Integral Experiment

Main points:
• There are a few important, high-level steps
• There are several feedback loops in the process
• The pipeline is teal

D. Neudecker, 
WANDA 2020, 
LA-UR-20-216802
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Slide 7

Managed by Triad National Security, LLC for the U.S. Department of Energy’s NNSA

Differential 
Experiment

Nuclear 
Theory

Evaluation Processing
Sensitivity Validation

Tuning
Corrections

General-
purpose 
Library

Adjusted
Libraries Application

Integral Experiment

There are some leaks in the (covariance) pipeline 

Integral Experiment

$$$ lost to too large 

performance margins
Unreliable safety 

margins

Funding spent on issues 
inconsequential to 

applications
$ $

$$

$

$

D. Neudecker, WANDA 2020, 
LA-UR-20-216802
 

Main points:
• There are a few important, high-level steps
• There are several feedback loops in the process
• The pipeline is teal and leaky
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2
LLNL-PRES-xxxxxx

Applications do not use level densities and gamma strength functions! 
Evaluators do!

Evaluators use experimental inputs and theory tools to calculate 
cross sections and produce evaluations 

Data + Phenomenological E1 gSF

Capote et al, NDS 110(2009)3107

S-wave resonance spacings for LD

Main points:
• There are a few important, high-level steps
• There are several more important feedback loops
• Someone understand pipefitting better than the original creator 

of the metaphor
Jutta Escher, WANDA 2023
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Main points:
• There are a few important, high-level steps
• There are even more important feedback loops
• I love the steampunk aesthetic

Tod Caldwell, WANDA 2024
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M. Paris, SBEND Talk, WANDA 2024

Main points:
• There are a few important, 

high-level steps
• The pipeline is more of a 

cycle of continuous 
improvement 
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Applications

Evaluation
Reaction Theory

Nuclear Data 
Library

NeedsDelivery

Foundational Data
Experiment/Theory

Tod Caldwell, WANDA 2024

Main points:
• There are a few important, high-level steps
• The pipeline is more of a cycle of 

continuous improvement 
• You don’t need fancy graphics to make a 

pipeline
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Main points:
• There are a few 

important, high-level 
steps

• There are several 
important feedback 
loops

• The pipeline is more of a 
cycle of continuous 
improvement 

• Hexagons are a popular 
design choice

Michael Halfmoon, WANDA 2024



35accelerator-driven minor actinide burner. In this study, cross sections, prompt and delayed
average neutron emitted following fission, and average elastic forward scattering angle data in
45 isotopes were considered. By varying this subset of nuclear data within its quoted
uncertainties, WPEC-subgroup 26 could determine which data impacted device metrics (keff ,
sodium-void reactivity, etc) in each system. The process could then be turned around to assess
which data have the greatest impact in driving the uncertainties of the device metrics. The end
product of the study is a prioritized list of data and target uncertainties for data that, if
achieved, bring the uncertainty on device metrics down to required levels.

In a follow on project [37], the collaborators in WPEC-subgroup 33 studied the impact of
nuclear data on a large set of critical assemblies and other small, well characterized, systems.
This study considered the same nuclear data observables but included over 100 isotopes. It
also used higher quality uncertainty data on these isotopes. As in the previous study, the end
product of the study is a prioritized list of data and target uncertainties for data that, if
achieved, bring the uncertainty on device metrics down to required levels. This and the
previous studies both were strong motivation for the creation of the CIELO collaborative
nuclear data evaluation pilot project [38].

2. Parameter estimation, uncertainty and covariance

The data and uncertainties contained in the nuclear data libraries can be treated following the
laws of probability and statistics. As such, we will refer to the numerical values obtained from
performing measurements or from theoretical calculations as ‘parameters’. We begin by
outlining some general properties of these parameters and construction of their correlation and

Figure 3. A schematic illustrating the nuclear application project planning workflow.
Funding agencies often use the result of a sensitivity study to determine funding
priorities for experimental, theoretical and validation work.

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034020 D A Brown et al

8

Main points:
• There are a few important, 

high-level steps
• There are several 

important feedback loops
• The pipeline is more of a 

cycle of continuous 
improvement 

• The creator found graphics 
on the web that looked 
pretty cool

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034020
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9 9WANDA 2023 – Bernstein QC talk

Where Statistical Data Enters Reaction Evaluation

Thanks to Dave Brown (BNL/NNDC)

1. Reaction models are “tuned” by varying underlying physics knobs, such as QC 
properties and OM parameters, by evaluators to reproduce measured angle- and energy-
differential cross section data (since we can’t measure everything needed).

2. Models of “integral benchmarks” (e.g., systems that depend on multiple nuclear data 
inputs) are compared to the “real deal” to validate the underlying nuclear data 

BUT QC properties such as Nuclear Level 
Density (r(Ex,J,π)) and Gamma Strength 

Functions (G(Eg)) are now being measured 
regularly and their values should not be 

adjusted “at will” by evaluators

Integral 
Benchmark

e.g., QC properties are another 
“trash can” (to quote Dave)

Main points:
• There are a few important, 

high-level steps
• There are several 

important feedback loops
• The pipeline is more of a 

cycle of continuous 
improvement 

• We need to have a 
discussion about 
derivative work

L. Bernstein, WANDA 2023
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Main points:
• There are a few important, high-level 

steps
• Each step really is many smaller steps

• Each step is carefully defined in small print
• Each step has a notional timeline

• The orientation is vertical, much like 
pipelines in the sanitation industry*

* note: users are at the receiving end of the metaphor
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Figure 1
The nuclear data
pipeline.
Abbreviations: EGAF,
Evaluated Gamma-ray
Activation File;
ENDF, Evaluated
Nuclear Data File;
ENSDF, Evaluated
Nuclear Structure
Data File; EXFOR,
Experimental Nuclear
Reaction Data; MIRD,
Medical Internal
Radiation Dose; NSR,
Nuclear Science
References; RIPL,
Reference Input
Parameter Library;
XUNDL,
Experimental
Unevaluated Nuclear
Data List.

112 Bernstein et al.
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Annu. Rev. Nucl. Part. 
Sci. 2019.69:109-136. 

Main points:
• There are a few important, high-level steps
• Each step really is many smaller steps
• The orientation is vertical, much like pipelines in 

the sanitation industry
• The publisher did not like the small print



Differential
Measurements

Data 
Evaluations

Evaluated Nuclear
Data Files (ENDF)

Nuclear Data 
Processing

Validation / 
Applications
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Motivation

Foundation

M Percher, C., et al. Thermal Epithermal eXperiments (TEX): test bed assemblies for efficient generation of integral benchmarks. 
No. LLNL-CONF-776306. Lawrence Livermore National Lab.(LLNL), Livermore, CA (United States), 2019.

Main points:
• There are a few important, high-level steps
• You don’t need a pipeline to convey the information in the metaphor
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Experiment
Transport 
Codes User

Data 
Processing Benchmarking

Theory & 
Evaluation

Sensitivity (/Uncertainty) Study

Main points:
• There are a few important, high-level steps
• S/U studies are by far the most important feedback loop
• We built the whole talk around this graphic last year and I didn’t want to remake 

the slides


