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Modern nuclear
applications
require detailed
and complex
modeling

Heat exchanger

Neutron

reflectors Main fuel salt

inventory

Vessel

o ¥
i 3x P 1x o
*2257¢c-PSMA -~ 2257c-PSMA
% _ ¥ 4

3 ?‘ !

Z & . 3 Inelastic

k ' - collision ¢ Natural radicactivity

__) " Neutron
12/2014 712015 9/2015 Fast noutrons
\QSA =2,923 ng/mL PSA =0.26 ng/mL PSA<0.1 ng/ml/

Ethan Balkin’s WANDA 2024 talk Veronica Chen in https://str.linl.gov/2019- 05/burks (2019



Modern nuclear
applications
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and complex
modeling
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[Map of Models Recommended to Use in PHITS
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Physics models of PHITS and their switching energies

Switching eneraies can be chanaed in input file of PHITS

https://phits.jaea.go.jp/lec/phits-introduction-en.pdf
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The Nuclear Data Pipeline

Our goal is to get the highest quality data to users

security science isotopes energy
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The Nuclear Data Pipeline

Uncertainties are needed so users can properly inform priorities




Why do we need experiment?

* 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

Chi-Nu EJ-309 Detector array at LANL

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



Why do we need experiment?

Differential experiments, examples:
* Neutron cross section as a function of neutron energy
* Neutron capture cascades gamma spectrum

 Fission fragment yields

- Quasi-differential experiments Facilities at many
National Labs and

universities

Validation experiments, examples:
 Criticality experiments (benchmarks) | Archived in EXFOR
° |ntegra| Shleldlng measurements https://www-nds.iaea.org/exfor/
» Quasi-differential experiments

Chi-Nu EJ-309 Detector array at LANL

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


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

Theory + Experiment + Statistics = Evaluation

10°
* Experiments rarely cover all that users want 5 10m
* Nuclear Theory is needed! g I
- Complete data files for users 8 1071 . jeNDLa0 s
- Make predictions/extrapolate (beyond calibration) 210 | evormvimo N
- Provide estimates of uncertainties & correlations 2 - Kononow, 1975
- Statistics provide the glue S
- “To the best of our knowledge...” 1078 iy e v
(given time, location, resources) Neutron Energy (MeV)
- Bayesian statistics / Uncertainty Quantification s ENDE/B-VIL1 1.00
g 101 fEE%E 0.75
: : § 0.50
l | 2 N 0.25
g 10° 0.00
E ~0.25
*Z-’ - 0.50
] 1 g 107 -
I | Theory & 1 g -0.75
= 101 10° 10t —1.00

1 1, Evaluation; Incident Neutron Energy (MeV)

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




Theory + Experiment + Statistics = Evaluation

109 .

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

----- ENDF/B-VII.1
----- JENDL-4.0
----- JEFF-3.3T4
—— ENDF/B-VIIIL.O
-+ Kononov, 1975
Gwin, 1976
#  Hopkins, 1962
4 Mosby, 2018

Al/ML increasing

HPC needed in many cases: integrated into

* Density functional theory (fission)

evaluation process

—~n,
7S

Neutron Energy (MeV)

ENDF/B-VII.1

« Ab-initio methods
 Uncertainty quantification

I' " Theory & ! !
1 1 Evaluation;

Incident Neutron ]
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Data Processing (and formats!) — )

« ENDF (and soon GNDS) is only an agreed upon intermediate fofiho Soneraleed Nucioar

) Database Structure
Version

format 4
- Evaluations must be translated into a form digestible —
by downstream codes .ﬁ -
- Requires deep understanding of physics in evaluations
and physics as implemented in downstream codes @05 £yrer

« Data needed by user may not have a “spot” in existing

evaluations or downstream codes
« Underappreciated potential bottleneck SEEEE BN B2 @i gz
PP P NJOY, FUDGE and Sl
| i | AMPX do this step S ——

il

' I'Data

1 1 Processin;




Transport codes iﬁ PHITS

" Tra n S po rt Cod eS : Particle mnd Heavy lon Transport code System

- Numerically solve the linear Boltzmann Transport Eq.
- Deterministic (Sy,Py) & Stochastic (Monte Carlo)

« Calculations tend to be relatively
expensive, driving codes to HPC
and emerging architectures

* Transport code developers:

W

gl’
- Often the first customer of nuclear data L f]“\ﬂ
- Often develop a strong interest in nuclear data Nuclear Systems Modeling & Simulation

& GeanT4

A SIMULATION TOOLKIT

- Develop a deep understanding about need for

high quality data E '

"' Transport' !
1 1, Codes

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

« Evaluated nuclear data
* Nuclear data processing codes
» Transport codes

Slide based on M. Zerkle’s WANDA 2020
Pipeline Talk




Benchmarking

Basic data for benchmark development
* Critical assemblies )

« Subcritical assemblies mtor S

- Engineering mockup critical assemblies  [SStdR - ahusis LiEg
 Reactor startup exp. BA

« Reactor operation data
« Shielding experiments

International Handbook
of Evaluated Reactor Physics
Benchmark Experiments

Well characterized experiments in
established handbooks:

« |CSBEP (criticality safety)

* |IRPhEP (reactor physics)

e SINBAD (shielding)

@) OECD

11T Benchmarking' F

Slide based on M. Zerkle’s WANDA 2020
Pipeline Talk




Uncertainty Quantification/Sensitivities

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

Possibility A =

Possibility B

Possibility C ==

Will neutrons be shielded adequately? Will this perform to specification?

Neutron Flux

Possibility A

E Possibility B
Possibility C

Criticalilty

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



Uncertainty Quantification/Sensitivities

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

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. *3°Pu ENDF/B-VIII.0 Relative Covariance

- Inverse UQ using experimental output data is me s gldn iyl hal pu P
relevant to some applications, and can produce
constrained input distributions.

pa1e|a1i0)

-

Best method to define required experiment.

pa1ejaJiooun

— Replace existing evaluation with hypothetical x

experiment? at

PFNS nubar (n,g) (n,f) (n,3n) (n,2n) (n,n’) (n,el) (n,tot)

— Trust existing evaluation and identify :
constraints that most impact applications? 9 " §
— Work with evaluator? ¢ §

| SSSS e ] oSS couucs :
J_I_F H_I_F w ;U_F MLF 'EH 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 " g

EXFOR g .
Compiled nuclear reaction data g

XUNDL T
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 NNDC website:
neutron-induced reaction data www.nndc.bnl.gov

k:.\ Brookhaven

National Laboratory




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

CSEWG collaboration meeting in
We are a|ways open to new November 2022: our first in-person

meeting since the pandemic started!

users and collaborators

L? BrOOKMaven

National Laboratory




All steps of nuclear data pipeline are coordinated

through CSEWG

Covariances

Chair: Denise Neudecker (LANL)

/

Chair: 1
David Brown (BNL)
dbrown@bnl.gov
Library Manager:
Gustavo Nobre (BNL)
gnobre@bnl.gov
/ w iyl B
Measurements Formats & Processing
Chair: Yaron Danon (RPI) Co-chair: Mike Dunn (Spectra Tech Inc.)
Co-chair: Doro Wiarda (ORNL)

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)

L? Brookhaven

J National Laboratory

\

Users
All of us!

Validation
Chair: Mike Zerkle (NNL)

21
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Summarizing

K

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

Brookhaven

National Laboratory

22
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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

¢ Brookhaven

National Laboratory



Main points:
 There are a few important, high-level steps
 Theory and experiment are co-equal

I ¢ Brookhaven
National Laboratory 25



Main points:
« There are a few important, high-level steps
« The creator of the graphic was an experimentalist

L? Brookhaven

" National Laboratory

I PHYSICAL REVIEW RESEARCH 4, 021001 (2022)
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Tuning

Corrections adipsiment
A 4 N
Diﬁ-‘erentia| I R c;—l R
Experiment : SISl [
Evaluation ngr?:i?iilirt]g Validationfj Purpose ﬁ?ﬁ:ﬁgg Application
N ey y "Il Library
Theo = . I 4 g I
/an \
\ o
Criticality Exp. Designed
for V&V/Appl.

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

D. Neudecker, LA-UR-23-27944
Brookhaven

National Laboratory

27



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

¢ Brookhaven
National Laboratory 28



O

Main points: D. Neudecker, WANDA 2020,
. . LA-UR-20-216802
* There are a few important, high-level steps
* There are several feedback loops in the process
©8edkheer o The pipeline is teal and leaky .

National Laboratory L



< Sensitivity

and
= I | = U0 Inﬁ

Experiment Transport codes
and Evaluation Processing and
Theory Applications

1 L

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
I of the metaphor
®

Brookhaven

&) National Laboratory Jutta Escher, WANDA 2023
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< Sensitivity
‘ _ P P - I & —
-~
J-I Uncertainties [“ N

O ® —

Differential . . Codes &
Meastirenicits Evaluation Processing Applications
& Theory
Integral Validation & [l - ][ /I/

Measurements Verification

Main points:

* There are a few important, high-level steps

* There are even more important feedback loops
* | love the steampunk aesthetic

Brookhaven

National Laboratory TOd Caldwe”, WAN DA 2024

31



/ Nuclear date\

Applications

Observed
experimental
differential data

Nuclear data
cycle

Validation:

Testing &
integral Theory &
Benchmarks Evaluation

Processing:
Continuous-energy,

Nuclear data

Main points:

There are a few important,
high-level steps

The pipeline is more of a
cycle of continuous
iImprovement

Multigroup
representations
M. Paris, SBEND Talk, WANDA 2024

ki»‘ Brookhaven

National Laboratory

32



Main points: Aoplication
 There are a few important, high-level steps De”‘/e"lﬁ \’\;eeds

* The pipeline is more of a cycle of Nuclear Data
continuous improvement Library

* You don’t need fancy graphics to make a /K Evaluation J
pipeline Reaction Theory

~ 5
I L&) Broohaven Tod Caldwell, WANDA 2024 3



Experiments

Differential
Experiments

Evaluation

(Mean and
covariance)

Physics

Theory and

e Validation &
Modeling

Libraries Applications

and APIs

Physics

Michael Halfmoon, WANDA 2024

Brookhaven

National Laboratory

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

34



Main points:

* There are a few important,
high-level steps

* There are several

. - Integral ensitivit
T — Sy important feedback loops
l * The pipeline is more of a
R S — _cycle of continuous
ENDE Y o Improvement
- — Bk * The creator found graphics
™ () (e on the web that looked
pretty cool

J. Phys. G: Nucl. Part. Phys. 42 (2015) 034020

¢ Brookhaven
National Laboratory 35



Main points:

* There are a few important,
high-level steps

* There are several

Integral

\ 2P T\ Benchmark ) important feedback loops
‘ * The pipeline is more of a
A . S cycle of continuous
FNTE - improvement
| — - « We need to have a
Y \_eeten ) \rierr ) discussion about

derivative work

Brookhaven
National Laboratory 36

I L. Bernstein, WANDA 2023
L’\



Lost data (or even
published data that
never gets in ENSDF
‘or ENDF) will never
get to an application
and are essentially
wasted investments.

E

Publication

Publication in journal,
proceedings, lab report, etc

XUNDL
Library

EXFOR -
Compilation

—

T

Neutron
Resonances Th
Ri

IPL
Library

menp

Processed
Library

Validated
Library

Validation
model

Application Application

Sensitivity Application
Study

Application

Nudat webapp.

Publication

Data starts here.

It can take years to plan and
execute an experiment.
Then it can take another
year to publish.

That's just the beginning...

Compilation: collect

data together

*NSR: Bibliographic data collected on
an ongoing basis (USNDP project)
*EXFOR: Reaction data compiled
here within ~6 mos. - 1 yr.
(international collaboration)

+XUNDL: Structure data
compiled here within 1 week to
a few months (USNDP project)

all
information into one set of
recommended values & covariance
*ENDF: Reaction evaluations can
take anywhere from ~1 month
(“easy isotope”) to ~3 years
("hard isotope” e.g. 238U, 238U,
239Py, S6Fe, ...). Prioritization
and funding is done on a
per-program level. If no one
funds it, it doesn't get done.
(CSEWG collaboration, includes
USNDP, DP, NCSP, many others)
*ENSDF: Structure evaluations
typically take a few months to a
year; all nuclei are re-evaluated on
a ~7 year cycle. The process
can be sped up with additional
funding. (USNDP project)
+Other libraries:
<RIPL: inputs for models (IAEA)
«Atlas: neutron resonances (NNDC)

Processing: prepare data for use
in an application code
In US, there are 3 main processing
codes, each tied to specific
application codes:
*NJOY (LANL): serves MCNP
*AMPX (ORNL): serves SCALE
*FUDGE (LLNL): serves LLNL codes
Additionally, MIRD library used in
medical physics. Processing is done
on an ad-hoc basis so can take
~6 mo. - 1yr. to get results.

test data in si
of a non-trivial but well
understood nuclear system
There are several sources of high
quality benchmark data:

-ICSBEP: Criticality safety (NEA
coordinated, large NCSP
investment)

*IRPhEP: Reactor physics (NEA
coordinated, large US investment)
*SINBAD: Shielding (NEA
coordinated)

Testing done on ad-hoc basis so
results may not be available for ~6
mos. - 1yr.

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

* note;

ipelines in the sanitation industry®

users are at the receiving end of the metaphor

37



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

Annu. Rev. Nucl. Part.
Sci. 2019.69:109-136. 38



Differential Data Evaluated Nuclear Nuclear Data Validation /
Measurements Evaluations Data Files (ENDF) Processing Applications

AMPX

u-238 mt=102 n,gamma

2050

10000
— u-238 =102 ngamma
~ u-238 mt=102 ngamma 293 K xs

1000

o
o

nnnnn

Transmission

N
o

sssss

Cross Section (barns)

°

10 100
Energy (eV)

1 b
Energy [eV]

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:
k;,\ Brookhaven ¢ There are a few important, high-level steps
hia o * You don’t need a pipeline to convey the information in the metaphor




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 | didn’'t want to remake
I the slides

¢ Brookhaven

National Laboratory 40



