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Task Task Title

ND2 Generation and Benchmarking of Thermal Neutron 

Scattering Cross Sections in Support of Advanced 

Nuclear Reactor Concepts

ND5 Development and Implementation of a Modern Doppler 

Broadening Approach Including Atomic Binding Effects

ND10 Development and Implementation of Machine Learning 

Methods for Thermal Scattering Law Evaluations

FY 2024 Tasks



FY 24

5 Year 

Execution 

Plan



FY 24

5 Year 

Execution 

Plan

 66 TSL evaluations were accepted for ENDF/B-VIII.1 for the following materials
 Al2O3, Be-metal, Be-metal+Sd, BeO, FLiBe, CaH2, CH2, SiC, UC, HF, Heavy Paraffinic Oil, UN, PuO2, 

SiO2, UO2, U-metal, Grph-10, Grph-20P, Grph-30p, Grph-cryst, Grph+Sd, Enrichment dependent fuel 

libraries

 FY 25 : Paraffin, U3Si2, UMo, light Paraffinic oil



ND2 – TSL Evaluations
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ND2 – Benchmarks

C-E

(pcm)

(4-1)

ENDF/B-VIII.1
19F

HF TSL

4

C-E

(pcm)

(3-1)

ENDF/B-VIII.1 
19F

No HF TSL

3

C-E

(pcm)

(2-1)

ENDF/B-VIII.0 

No HF TSL

2

Benchmark

1

Case

16141.0161422981.0229836041.036041.00001

3441.0034414171.0141726411.026411.00002

-1530.9996710971.0121723461.024661.00123

511.0023114021.0158227191.028991.00184

10451.0122525391.0271939441.041241.00185

-5480.997028661.0111623421.025921.00256

HEU-SOL-THERM-039

(HF)
FUND-ORELA-ACC-GRAPH-PNSDT-001

(Nuclear Graphite)

Density = 1.66 g/cm3

Porosity ≈ 30%

Mean Absolute 
Deviation (%)Cross Sections 

4.14%ENDF/B-VIII.0 + Cry
4.09%ENDF/B-VIII.1 + Cry
5.01%ENDF/B-VIII.1+Sd
1.68%ENDF/B-VIII.1+30%

C-E (pcm)

20% NuclearCrystallineCase
2042351
1373032
1882303
322574
1467075
122586
91837
953448

3857829
24752910

PROTEUS-GCR-EXP-001 to -004

(Nuclear Graphite)

Density = 1.7 g/cm3

Porosity ≈ 20-30%

Porosity(%) = 1 −
𝜌𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝜌𝑖𝑑𝑒𝑎𝑙
× 100%



ND2 – Benchmarks

Density = 1.67 g/cm3

Porosity ≈ 30%

Porosity(%) = 1 −
𝜌𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝜌𝑖𝑑𝑒𝑎𝑙
× 100%

In all figures

0 porosity is

Crystalline

graphite

VHTRC-GCR-EXP-001



ND5 – Advanced Methods

 Advanced features including
 Temperature dependent phonon spectra

 Coherent elastic scattering extinction effects

 NeTS modules for key moderators

 Improved liquid physics (addressing high viscosity liquids)

 Enhanced Data formatting capabilities



ND10 – Deep Learning
and Artificial Neural Networks

NeTS
working with 

Serpent

Framework Data Storage 

ACE ~  30 MB / Temperature

NeTS ~ 340 KB for 200+ Temperatures
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Summary

 Meeting and exceeding all NCSP ND2 objectives

▪ Significant number of evaluations contributed to ENDF/B-VIII.1

▪ Benchmarks implemented for various evaluations

▪ Advanced atomisitic methods under development and testing

 Innovative methods (ND5 and ND10 tasks) significant 

progress including

▪ Integration of advanced features into FLASSH code

▪ ML TSL approach integration into FLASSH and Serpent MC code.



TSL Background

1996-present



TSL – Modern History (1996-1998)

Graphite

Slowing-Down-Time 

Spectrometer

Time signature of fuel pin
UO2 and PuO2

(75% by mass 238U,
13% 239Pu and 12% oxygen)



Graphite

Slowing-Down-Time 

Spectrometer

Time signature of fuel pin
UO2 and PuO2

(75% by mass 238U,
13% 239Pu and 12% oxygen)
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Graphite – What’s the Problem?

 Graphite reactor behavior
 Criticality

 Fission rates

 Feedback

 Solution (approximate)
 Assume crystalline (ideal) 

graphite structure (i.e., ideal 

S(, ), but use “nuclear 

graphite” density (1.6-1.8 

g/cm3)

 Mix crystalline graphite and 

free atom libraries to improve 

results. 



Graphite – Still a Problem!



Major outcomes

1) Modern condensed 

matter physics methods 

(AILD and MD)

2) Modern scattering 

theory (removed many 

approximations)

3) Several experiments 

including Pulsed 

neutron slowing down 

benchmark methods

Latest presented at CSEWG 2024

TSL – Modern History (2000-2012)



TSL – Modern History (2000-2012)



TSL – Modern History (2000-2012)

 A selection of computational routes
◼ Somewhat material dependent

Molecular 

Dynamics

Ab Initio

VACF

Hellmann-

Feynman 

Forces

Fourier 

Transform

Lattice 

Dynamics

DOS 𝜌(β)
FLASSH

𝐺(𝑟, 𝑡) or 

I(𝜅, 𝑡) 

𝑆(𝛼, 𝛽)

Scattering Cross 

Section 𝜎(𝐸)



 Experimental HOLISTIC approach

TSL – Modern History (2000-2012)

NIST UCN Transmission

INS

SNS

ORELA Benchmark

NCSU reactor PAS and NPD



Graphite – Still a Problem!



Graphite – Still a Problem!



TSL – Modern History (2002-2012)

 Porous self-consistent graphite model

Energy (eV)
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Is Graphite Porous?

Consistent with the NCSU porous graphite model



TSL – Modern History (2002-2012)

 Porous self-consistent graphite model
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Graphite – Still a Problem!



Graphite – Much Improved!



FUND-ORELA-ACC-GRAPH-PNSDT-001

(Nuclear Graphite)

Density = 1.66 g/cm3

Porosity ≈ 30%

Mean Absolute 
Deviation (%)Cross Sections 

4.14%ENDF/B-VIII.0 + Cry
4.09%ENDF/B-VIII.1 + Cry
5.01%ENDF/B-VIII.1+Sd
1.68%ENDF/B-VIII.1+30%

C-E (pcm)

20% NuclearCrystallineCase
2042351
1373032
1882303
322574
1467075
122586
91837
953448

3857829
24752910

PROTEUS-GCR-EXP-001 to -004

(Nuclear Graphite)

Density = 1.7 g/cm3

Porosity ≈ 20-30%
Porosity(%) = 1 −

𝜌𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝜌𝑖𝑑𝑒𝑎𝑙
× 100%

Graphite – Much Improved!

Density = 1.67 g/cm3

Porosity ≈ 30%

VHTRC-GCR-EXP-001



Graphite Density

▪ ORELA and PROTEUS without historical density approximation (2.25 g/cm3)

Self-consistent phonon DOS and density



Graphite ENDF Evaluation

 ENDF/B-VIII.0 and ENDF/B-VIII.1 evaluations produced for 

different types of graphite crystalline and nuclear (i.e., porous)

 MT=2 block holds the coherent elastic scattering component

 MT=4 S(,) block accounts for either ideal crystalline or porous 

(nuclear) graphite through the use of the appropriate graphite phonon 

DOS



TSL State-of-the-Art

 Everything developed for graphite applies to all other materials

 Atomistic simulation methods (AILD and MD)

 Continue to evolve

 Enabled ML

 Advanced TSL evaluation methods

 FLASSH

 Holistic experimental/measurement approach

 don’t pick and choose!



Thank You
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