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Graphite - What's the Problem (1950s)?
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Graphite - What's the Problem (1950s)?
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Graphite - What's the Problem (1980s)?
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Graphite - What's the Problem (2020s)?
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ABSTRACT

The latest ENDF/B-VIIl library adapted new porosity-dependent cross-section data of graphite.
However, the porosity of the actual graphite does not necessarily correspond to the porosity
given in the data. We have proposed a method to perform neutrenic calculations at the desired
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porosity on the basis of the pseudo-material method. We have also compared the kn values — rynes i graphite;

calculated by the pseudo-material method with the experimental values for the VHTRC. In
addition, we have investigated the temperature dependance of the calculation values obtained
by this method. From these results, we have concluded that this method allows us to perform

porosity-dependent cross-
section data; vhire; pseudo
matetial method

the neutronic calculations in which we can reflect detailed information on the porosity of

graphite.

1. Introduction

In recent years, the high temperature gas-cooled reac-
tor (HTGR) has attracted much interest as one of the
eration IV nuclear reactor systems. One of the
notable features of the HTGR is that graphite is used
not only as a moderator but also as a structural mate-
| owing to its excellent thermal and mechanical
properties under the high temperature environment.
A large amount of graphite is placed in the HTGR core
so that the neutrons are sufficiently moderated
Therefore, the accuracy of neutronic calculation of
the HTGR is highly dependent on the nuclear data of

Ge:

graphite. Especially, the thermal scattering law (TSL)
data of graphite, which impacts the neutron energy
spectrum, is fundamental to the detailed design and
nalysis of the HTGR. In JENDL-4.0 [1], the TSL
data of graphite is evaluated on the basis of the tradi-
tional evaluation model of Young and Koppel [2]. On
the other hand, the latest ENDF/B-VIILO library
adopted new TSL data of graphite [3]. It has the TSL
data that depends on the porosities of graphite: crys-
talline graphite (i.e. graphite with a porosity of 0%),
reactor graphite with a porosity of 10% 3
graphite with a porosity of 30%. This is expected to
result in more accurate neutronic calculations than
before.

Hawever, the actual graphite does net necessarily
correspond to these porosities in the new TSL data.
For instance, the density and porosity for some major
graphite are shown in Table 1 [4-7], where the theo-
retical density of graphite is 2.25 g/em® [8]. These
values are neither 10% nor 30%. Currently, we can

core

d reactor

only handle neutronic calculations for three porosities
of 0%, 10%, and 30%. In neutronic calculations for the
cores containing graphite with other than the poros-
ities mentioned above, the nearest TSL data will be
selected for use. From the viewpoint of HTGR
designers, it is desirable to be able to perform neutro-
nic calculations using graphite with any porosity. Such
2 n eliminate the uncertainties associated
with the difference between the porosity of actual
graphite and the porasity given in the calculation
input.

The purpose of this study is to propose a practical
methad for performing
tions reflecting detailed information on the porosity
of graphite. The proposed method allows us to per-
form neutronic calculations at any porosities between
0% and 30%. Using the Very High Temperature
Reactor Critical Assembly (VHTRC) [9], eriticality
calculation results based an the proposed method are
also described making comparisons with experimental
results

culations

curate neutronic calcula-

2. Methodology

The pseudo-material method is applied to a material
containing graphite to perform neutronic calculations
with the specified porosity. The pseudo-material
loped by Conlin et al. in

method was originally de
order to reduce the cross-section data for the huge
temperature points [10]. In this method, a pseudo-
material is defined such that a material at a certain

CONTACT Shoichiro Okita, & okita.shoichiromjaeagojp, @ Sector of Fast Reactor and Advanced Reactor Research and Development, Japan Atomic

Energy Agency, Ibaraki, Japan.
2021 Atomic Energy Society of Japan. Al rights reserved
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ABSTRACT
PIL: Ayman L. Hawari, Ph. D. Proposal No.: 01-140
Institution:  University of Cincinnati
Title: Development and Validation of Temperature Dependent Thermal Neutron

Scattering Laws for Applications and Safety Implications in Generation IV
Nuclear Reactor Designs

The University of Cincinnati (UC), Oak Ridge National Laboratory (ORNL), and the Institute Balseiro (IB)
propose to perform theoretical, computational, and experimental investigations on temperature dependent
neutron thermalization in moderating materials that are of major importance to the safety of nuclear systems.
The objectives of this work are: to critically review the currently used thermal neutron scattering laws for
various moderators and fuel cells as a function of temperature, to use the review as a guide in examining and
updating the various computational approaches in establishing the scattering law, to understand the
implications of the obtained results on the ability to accurately define the operating and safety characteristics
(e.g. the moderator temperature coefficient) of a given reactor design -- that is, to know not only the
reactivity coefficients but also their errors, sensitivity coefficients and covariance matrices, to develop and
generate new sets of temperature dependent thermal neutron scattering laws, S(c,3). either by an
evolutionary process or by changing the models entirely (e.g., introducing the coherent part of the inelastic
scattering or using the synthetic kemel approach), and finally to test and benchmark the developed models
within the framework of a neutron slowing down experiment. In particular, the studies will concentrate on
investigating the latest ENDF/B thermal neutron cross sections for reactor grade graphite, beryllium,
beryllium oxide, zirconium hydride, high purity light water, and polyethylene at temperatures greater than
or equal to room temperature. These materials are neutron moderators/reflectors that will be used in the
development of Generation IV nuclear power reactors and in many applications in the nuclear science and
engineering field. Of major importance is graphite, which is the moderator in the modular pebble bed
reactor (MPBR) that is being examined internationally as a possible Generation IV power reactor, as the
subcritical reactor in accelerator driven concepts, and as the incinerator of radioactive waste and weapon’s
plutonium. Furthermore, a newly developed highly conductive form of graphite, known as graphite foam,
is currently under study as a reactor material. Added to that, these materials of interest in research reactors
such as zirconium hydride (i.c., TRIGA), and in Nerva derivative power sources for space applications
(e.g., zirconium hydride, Be and BeO reflectors).

To begin this work, we will perform a critical analysis of the models that are the basis of the present
ENDEF/B evaluation of the scattering law for a given moderator, and determine the sensitivity of calculated
thermal neutron spectra to the details and parameters of the models. Furthermore, we will consider the
impact of model parameters on the behavior of the neutron flux around nearby neutron absorption
resonances that are going to define global quantities such as the asymptotic neutron spectra and,
consequently, reactivity coeficients. We will also study the impact of model parameters on other measured
observables such as neutron pulse and wave propagation parameters, and decay constants as a function
of size and transuranium buildup and depletion. In addition. we will examine the latest developments in

Continued 01-140

alization theory ar ndensed mat hysics. Experiments, like the direct measurement of the
double differential cross sections and specific heats, and theoretical developments (e.g., new phonon
distribution in graphite) will be evaluated to define the degrees of freedom of the scattering media as well
as the mechanisms for the transference of energy between the media and the neutrons. All this information
will be included as input for new calculations of the scattering matrices with an updated version (to be
developed as part of this research) of the present “state of the art” computer codes (used for ENDF/B
compilations). As a result, thermal scattering laws, S(ct,[3), will be regenerated using basic input data and

—modern computational methods,. Using these new sets of S(«,3), we will analyze the computational

anomalies in the thermal scattering data that is in general use today and can cause “strange™ behavior in the
computational determination of the temperature coefficient of reactivity in nuclear reactors. Discrepancies
of up to 150% have been encountered, which may have important safety implications [1]. Consequently,
the impact of condensed matter models, and their respective input parameters, on the temperature
coefficient of reactivity in nuclear reactors will be determined. Moreover, the computationally regenerated
scattering data for the moderators of interest will be used in neutronics calculations of the temperature
coefficients of reactivity for several Generation IV nuclear power reactors (e.g., MPBR).

Finally, since g tor in various Generati neepts, we will benchmark the
developed S(a,[3) model for graphite by performing a neutron thermalization experiment in a graphite (and
if available in graphite foam) moderator that is driven by a pulsed neutron source. This measurement
approach has the ability to observe the neutron behavior in a moderator as it passes through the slowing
down and thermalization energy ranges before its diffusion and escape. Therefore, it is applicable to
measurements in the energy range below | ¢V, which is not accessible using the traditional out-of-pile
leakage spectrum measurements. The experiment will take place using the Oak Ridge Electron Linear
AcceleratorlQRELA) facility. and will be performed to obtain the integral time dependent reaction rate of
a neutron detector that is placed within the moderator at various temperatures greater than or equal to room
temperature (including temperatures encountered in normal operations and during reactor accident
conditions). In addition, a beam will be extracted from the moderator to perform temperature dependent
measurements (using the ORELA time of flight facilities) of the thermal neutron energy spectrum in the
moderator. We will also introduce the new graphite S(c..3) data into time and energy dependent 3-D
Monte Carlo (e.g., MCNP) computer simulations of the experiments. This will provide computational
predictions of the experimental data and will enable validation of the nuclear data libraries for graphite in
the thermal energy region.

Thermalization — Modern History .—2012)

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
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Thermalization — Modern History (2000-2012)
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Current calculations of the inelastic thermal neutron scattering

ross sections of graphite are based

Todern Techniques for Inelastic Thermal Neutron Scattering Analysis on representing the material using ideal single crystal models. However, the density of reactor-grade
" phite

is manifested as

graphite is usually in the range of 1.5 g/cm? to appraximately 1.8 g/em®, while ideal grs

is characterized by a density of nearly 2.25 g/cm®. This diffe

On a measurement approach to support evaluation of thermal scattering | g

Al Haws nee in density

! Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27695-7090, USA a significant fraction of porosity in the structure of reactor-grade graphite. To account for the | dat Gracn
orosity alfect on the croms seckions; clasical molecalar dynamics. (MD) tedmiques ware duployed daw data Lo
to simulate graphite structures with porosity concentrations of 10% and 30%, which are taken to i
A predictive approach based on ab initio quantum mechanics and /or classical molecular dynamics be representative of reactor-grade graphite. The phonon density of states for the porous systems Ayman I. Hawari
simulations has been formulated to calculate the seattering law, S(x.w), and the thermal neutron e generated as the power spectrum of the MD velocity autocorrelation functions. The analysis Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27695, USA
scattering cross sections of materials. In principle, these atomistic methods make it possible to aled that for porous graphite the phonon density of states exhibit a rise in the lower frequency
generate the inelastic thermal neutron scattering cross sections of any material and to accurately region that is relevant to neutron thermalization. Using the generated phonon density of states, the
reflack. the physical conditions’ of the medium (L, tamperaturs, preasins; ete:). - In'addition, the inclastic thermal neutron scattering crass sections were caleulated using the NJOY code system AEFTELE T RS
generated cross sections are free from assumptions such as the incoherent approximation of scattering While marked discrepancies exist between measurements and calculations based on ideal graphite
theory and. in the case of solids, crystalline perfection. As a result, new and improved thermal models, favorable agreement is found between the calculations based on the porous graphite models Articie history: Inelastic thermal neutron scattering in materials that act as neutron moderators, reflectors, and filters

and measured data. Received 31 January 2019
Received in revised form 13 July 2019

Accepted 17 July 2019

results in shaping the neutron spectrum at low energies. This is described using

scattering cross sections calculated from three components including the bound atom (i.e., nuclear) scat-
tering cross section of the neutron, the ratio of the outgoing and incoming neutron energy, and the ther-
mal scattering law (TSL), i.e., S(x,f) where x and j represent dimensionless momentum and energy
exchange variables, respectively. To date, no TSL libraries are generated using measured data.
ﬁ;:m;"‘ However, valuable information may be derived from measurements and “targeted” experiments that
el s can validate TSL data and the related inelastic scattering cross sections. As a demonstration, a suite of
Cross section nd is described that was designed and used to support the eval-
Measirement uation of the TSL for “nuclear” graphite. This experimental suite includes neutron powder diffraction (for
ENDF structure analysis). positron annihilation (for nano porosity assessment), inelastic neutron scattering
measurements using a chopper spectrometer, transmission experiments using neutrons with energy
below the Bragg cutoff thereby accessing the total (inelastic) cross section, and a slowing-down-time
experiment to observe the developing neutron spectrum in the material. This experimental suite was
key to understanding the difference in TSL between “nuclear” and “ideal” graphite and for the inclusion

neutron scattering data libraries have been generated for a variety of materials, Among these are

materials used for reactor moderators and refiectors such as reactor-grade graphite and beryllium

(including the coherent inelastic scattering component), silicon carbide, cold neutron media such - -
o . ' I.  INTRODUCTION

as solid methane, and neutron beam filters such as sapphire and bismuth. Consequently, it is
anticipated that the above approach will play a major role in providing the nuclear science and

engineering community with its needs of thermal neutron scattering data especially when considering Traditionally, ENDF/B graphite evaluations provide
stent what is known as S(a,/3) libraries to describe neutron

new materials where experimental information may be scarce or none

thermalization. These evaluations are based on repre-

e . -, senting the material using ideal single crystal models [1
where S(k,w) is known as the scattering law, & is the (
scattering vector, w is the frequency, k and k' represent
the magnitude of the wave vector of the incident and

I. INTRODUCTION

Furthermore, the libraries are generated within the inco-

herent approximation of thermal nentron scattering the-
ory. Past work showed that this approach introduced no-

Low energy or “thermal” neutrons are characterized

LEIP LABORATORLES

by energies that are on the order of the excitation (vi-
br in the medium in which
they interact. heir de Bre wavelength

) eners

urthermore, t

ition distance in solids. Conse-

is on the order of the sep:
quently, such neutrons are highly sensitized to the atomic
binding details of the system that surrounds them in-
cluding its structure and dynamics. In fact, the struc-
tural and dynamic properties of the atomic system are
sampled through scattering interactions between the sys-
tem’s atoms and molecules and the neutrons. The scat-
ms in an atomic system is gen-

tering of low energy neutr

erally described using thermal neutron scattering cross
sections. Traditionally, the cross sections are quantified
based on Born scattering theory combined with Fermi's
Golden rule and the assumption of an extremely short
range (delta function) muclear potential (1. The out-
come of this approach, is an expression for the double
differential scattering cross section given by

* Corresponding author: ayman. hawarifinesu.edu
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scattered neutron respectively, o, is the bound atom
coherent scattering cross section, and ;. is the bound
atom incoherent scattering cross section. In general, S is
composed of two terms as follows

S (}T._-) =S, (F.'__) + .s',,(if@] 5
where S, is known as the self-scattering law. which ac-
counts for non-interference (incoherent) effects, while S,
is the distinct scattering law and accounts for interfer.
5 1 shows that
the thermal neutron scattering cross section depends on
two factors: first, the neutron-nucleus interaction as rep-
resented by the bound atom cross sections, and second,
a factor that represents the dynamics of the scattering
system (i.e., the collection of atoms) as represented by
the scattering law.

Frequently, the calculations of the thermal scattering
cross section invoke the incoherent approximation where

roin Eq. 2

ence (coherent) effects. amination of Eq

¥ 1 is set equal to

ed on this assumption,
Eq. 1 is developed to give (¢ )

. see Ref. [2])

d*a

1
= 3)
I0dE " AT k {

However, for some important neutronic materials such as
graphite and beryllium, this assumption can introduce

in the generated cross sections rela-
a [2]. While the deficiencies due to
imation were remedied by account-

ticeable inaccuracie
tive to measured d:
the incoherent appre
ing for coherent inelastic scattering, it remained clear
that the discrepancies between the measured cross sec-
tions for reactor-grade graphite and the estimates based
| single crystal models require a review of the

on id

atomisitic models from which these estimates were de-
rived.

Ideal graphite consists of planes (sheets) of carbon

atoms arranged in a hexagonal lattice with 4 atoms per
unit cell. Strong covalent bonding exits between intra-
planer atoms, while the interplaner bonding (

between

the carbon sheets) is of the weak Van der Waals type.
The planes are stacked in an “ABAB” sequence. F
shows a representation of ideal crystalline graphite.

Alternatively, reactor-grade graphite represents &

* Corresponding author: ayman. hawari@nesu.edu

hitp:/dx.doi.ong/10.1016/3.nds.2014.04.03(
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0.246 nm

FIG. 1. The crystal structure of ideal graphite including its
unit cell (bold lines)

multi-phase material where graphite ideal crystals are
embedded in a carbon binder matrix. Most strikingly,
srade graphite is usually in the
mately 1.8 g/cm®, while
ideal graphite is characterized by a density of nearly 2.25
g/em®. This difference in density is manifested as a signif-
icant fraction of porosity in the structure of reactor-g
graphite. However, this structural feature of graphite is
not captured in the process of generating the inelastic

the density of reactor-,

range of 1.5 g/em® to appros

rade

thermal neutron scattering cross sections.

of “nuclear” graphite in the ENDF/B-VIILO nuclear data library release.

1. Introduction

Over the past 15 years, a general methodology has been devel
oped to generate thermal neutron scattering law (TSL) data, and
calculate the inelastic thermal neutron scattering cross sections,
for materials under various conditions and while relaxing many
of the traditional approximations (e.g., the incoherent approxima
tion) (Hawari, 2014, 2004). The methodology is based on using
molecular dynamics (MD) and density functional theory (DFT) ato
mistic simulation methods to derive the fundamental input needed
for TSL calculations, such as the atomic and molecular system’s
excitation density of states. Alternatively, the TSL may be directly
accessed from the atomistic simulations and the resulting atomic
correlations. In this case, corrections are needed to account for
missing quantum effects such as detailed balance (Hehr, 2010).
This methodology has resulted in the largest contribution (in the
last 50 years) of TSL data to the recently released ENDF/B-VIILO
nuclear data libraries (Bro

In general, the formulation that would be the subject of the
evaluation process tes from the fundamental eq for

E-mail address: ayman hawa o

htps://doi.org/ 10101 6fj.anucene.2019,106940

0306-4549/© 2019 Elsevier Ltd. All rights reserved

© 2019 Elsevier Ltd. All rights reserved.

the double differential thermal scattering cross section. This for
mulation is derived using the first Born approximation of scatter-
ing theory and assumes a highly localized nuclear potential
known as the Fermi pseudopotential [e.g., see Ref. Squires, 1978].
The outcome of this formulation is the following expression for
the double differential thermal scattering cross section

d'a 1 [E

[ZHTAS(2 B) + TincSs(2, B)] (1

dOdE ~ Amk,T VE

S(x, B) = Ss(x, B) + Sq(, ) (2)
where, S(%,f) is the thermal scattering law, S/ f) is the self scat
tering law, Sq(a #) is the distinct scattering law,  and # are dimen-
sionless momentum and energy exchange variables, G a, is the
coherent bound atom cross section, gy, is the incoherent bound
atom cross section, E in the incoming neutron energy, £ is the scat
tered neutron energy, €2 is the scattering solid angel, kg is Boltz-
mann's constant, and T is the temperature of the scattering
medium. In this case, S; is related to the Fourier transform in space
and time of the density correlation function for an atom at a given
initial location in the atomic system with its location at time t. 54 is
related to the Fourier transform in space and time of the density
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Graphite - Still a Problem!
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Graphite - Still a Problem!

Cross Section (b)
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Graphite - Still a Problem!

Po-«? ¢ 0670
! nm

—

a
0.246 nm

O Model used since the
1960s and until ENDF/B-
VIL.1 (released in 2011).
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Table II
Calculated Values of k-effective

Calculational Description k—effective

Loading 1341 100% Graphite 0.9724 + 0.0021
Loading 1341 59% Graphite 0.9921 + 0.0012
Loading 1343 100% Graphite 0.9707 + 0.0024
Loading 1343 59% Graphite 0.9922 + 0.0017

Table III

calculated Fission Density Ratios

work suppor 5.
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Calculational Calculated Calc.—Exp.
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What is Nuclear Graphite?
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What Does A Neutron See?
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What Does A Neutron See?

0 Assume a nuclear graphite bulk (or pile)
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0 Assume a nuclear graphite bulk (or pile)
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What Does A Neutron See?

0 Assume a nuclear graphite bulk (or pile)
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Thermalization — Modern History (2000-2012)

O Porous homogeneous and uniform model of nuclear graphite model
[0 Conserve scattering reaction rate

—— 10% porous graphite
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Graphite in ENDF/B-VIII.1

O ENDE/B-VIII.O and ENDEF/B-VIII.1
evaluations produced for different

types of graphite crystalline and Crystalline

nuclear (i.e., porous) : %
B

O MT=2 block holds the coherent wmmp| ° < .o

elastic scattering component : %
B

O MT=4 S(o,3) block accounts for %‘
either ideal crystalline or POrous |
(nuclear) graphite through the use

of the appropriate graphite phonon %3
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Graphite in ENDF/B-VIII.1

O ENDE/B-VIII.O and ENDEF/B-VIII.1
evaluations produced for different
types of graphite crystalline and
nuclear (i.e., porous)

O MT=2 block holds the coherent
elastic scattering component

O MT=4 S(o,f) block accounts for
either ideal crystalline or porous
(nuclear) graphite through the use

of the appropriate graphite phonon
DOS

Crystalline

Nuclear




Graphite in ENDF/B-VIII.1

= Five (5) variations of graphite in ENDF/B-VIII.1
= (all evaluated by LEIP group)

1. Crystalline graphite (incoherent approximation, 0% porosity)

2. Crystalline graphite (+Sd correction, 0% porosity)

3. Nuclear graphite (incoherent approximation, 10% porosity)

4. Nuclear graphite (incoherent approximation, 20% porosity)

5. Nuclear graphite (incoherent approximation, 30% porosity)
- Density (g/cm*3) Library
= | porosvon = (1-Gemem o 550
f 1.7-1.9 20% porous
n <1.7 30% porous




Graphite - Still a Problem!
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Nuclear Graphite — Much Improved!
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Nuclear Graphite — Much Improved!
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Nuclear Graphite — Current Testing

Nuclear

JUNE 22 - 27™ | MADRID (sPaiN) | 2025

Peter Brain, Theresa Cutler, Kristin Stolte, Adrien Terricabras
Los Alamos National Laboratory

NEN-2/MST-8

TSL for Graphite Porosity

* No observable impact of TSL porosity on Infinite Lattice
* Combination of intermediate spectra and lack of large graphite sections
* Roughly 15-20 pcm/% porosity between 0% = 30% for Deimos

k. /s vs. Packing Fraction Infinite Lattice - Graphite TSL k.;r vs. Packing Fraction Deimos - Graphite TSL

1.02

1.26- ¢ Nominal — ¢ Nominal {\ ' L}
¢ 10% Porosity . 1.00—4—T0% Porosity i\“,.,,
; P U
1.94 4 30% Porosity » 9 0.98 ¢ 30% Porosity : H
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Packing Fraction [%]
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Then and Now
Packing Fraction 60-66% @g@
Sphericity N/A 0.90* +0.04
Kernel Diameter 506.5 um 493.06 + 17.53 um
Buffer Thickness 79 um 82.07 £ 10.53 um
Inner Pyrolytic Carbon (IPyC) 33 um 30.7 £2.88 um
Silicon Carbide (SiC) 35 um 33.67 £2.06 um
Outer Pyrolytic Carbon (OPyC) 33 um 33.27 £4.16 um
Enrichment 19.894 + 0.002% 19.906 + 0.01%
Isotopic Impurities? N/A Obtained
Phase Mixture? N/A ~89% UO,, 1% UC, 10% UC,
3, *Under Review
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Outcome

@ANS

FLASSH 1.0: Thermal Scattering Law Evaluation and
5 :

SR e ENDF/B-VIII.1 Paper

Thermal Scattering Law

S(a,B): Measurement, I ENDF/B-VIIL1: Updated N|:.v:\.-:..- Reaction Data Library for Science and
— — " et

Eyvaluation and Application Benchmark of Neutron Thermaiza Using the Siowing-

ization in Graphite
Down-Time ORELA Experiment

International Evaluation
Co-operation Volume 42

@) OECD Cynea

ICSBEP Benchmark

O 66 TSL evaluations were accepted for ENDF/B-VIIIL.1 for the following materials
O Al203, Be-metal, Be-metal+Sd, BeO, FLiBe, CaH2, CH2, SiC, UC, HF, Heavy Paraffinic Oil, UN, PuO2,
5102, UO2, U-metal, Grph-10, Grph-20P, Grph-30p, Grph-cryst, Grph+Sd, Enrichment dependent fuel
libraries
O FY 25 : Paraffin, U3Si2, UMo, light Paraffinic oil
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TSLs & Beyond




Thermalization — Modern History (2012-Present)
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Plutonium dioxide Paraffin Paraffinic oil Uranium Silicide




TSL State-of-the-Art

O Everything developed for graphite applies to all other materials

O Atomistic simulation methods (AILD and MD)

O Continue to evolve

O Enabled ML ' N S
O Advanced TSL evaluation methods
O FLASSH
Energy (eV) ' 000 002 oé):ergy (2\.5‘))6 008 0.0
O Holistic experimental/measurement approach :={ f&%.d
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Thermalization — The Future
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Thermalization — The Future

Evaluation of Thermal Scattering Law for UsSi: Using
Temperature-Dependent Phonon Density of States

Junhyoung Gil, Ayman 1. Haw,

- ~ENE & R
o e S I R JUNE 22' — 27 | MADRID (SPAIN) | 2025 i g
- 4 2029
ABSIRACK ' 1 Machine Learning Molecular Dynamics for LEIE_LABORATORIES
cing e o i e, b il i ey e Gk L = =00l - Thermal Scattering Law Evaluations with Enhanced Temperature Fidelity
i s el i te iy - - b ?
~h4cvm~ wcticaal theory 4

s e e JUNE 22 — 27 | MADRID (sPaIN) | 2025 Junhyoung Gil and Ayman I. Hawari

it Ittice
the quise-hanscesc

cutl
wouie approsaica for e
med o the et

North Carolina State University, Department of Nuclear Engineering, 2500 Stinson Dr, Raleigh NC 27607, USA

: - i
i i . ABSTRACT L Tntroduction
corediihn 'ﬂ_,“w, bt o 1 T A Machine Learning Molecular Dynamics for e st scancnn e TS s e e o cay o momcaes vt o ey s | T o s o (TL)decies e iy 2 e vt o v gy s e
1 by the quas 1P W Crozied, A, L Hy J i " 3 i ideli terials. Accurate TSL data are s essential for predicting 3 nucleas reactor's operational and safety | miaks and is essental for accurately predicting miclear reacior belsavior
ermaalc yauasnion dboved e sl "Dipan e Nt : NC STATE Thermal Scattering Law Evaluations with Enhanced Temperature Fidels «ﬂmr astics. The TSL can be derived from the phomon density of states (DOS) of 3 mmterial, which can be | = A key mput for TSL evaluation s e phonos deasity of states (DOS). which has taditionally bees calculated
cxpamsion thisrd deviation o, expercnal observations. Thermal scacring cross secioms £ e ; : . . catcatsed wing ab o ssmltions based oo densiy fomctional theory (DFT). Ab it sizmtioss calcuate | wing ab it aice dyzamscs (ALLD) (1]
et Prondacprss o L Junhyoung Gil and Ayman 1. Hawari || [ouuc aneactons v cn o cecoca s of e st s iamn mechosucs 3 can be genealy i
o sy o o the themal scanerng b, : - - - — s o b i e dysaocs (ALLD) 3 3b nsio moleculr s (AIMD). Oty ALLD | |, g, — Classieal mokecubar dynaumics
i s i o s i it Noitli Carolina State University, Departnent of Nuclear Engineeving, 2500 Stinson Dr, Raleigh NC 27607, USA o e o dee the phoncn DOS e g TS it it sy ADD smlations | (0 st e e ey OFT) + Can model uterial at fsse temperarares
ot 5 r-r ABSTRACT 1 [""w“mu may be used 10 enbance fidelry and generate the DOS at fimse temperatures. bowewer, they ase cor ratceal ¥ a | Appcable ot ouly 10 crvstalline. ,\mmwam
" . > INTRODUCTION : D0 ool | | (Lamice dywamscs (AILD)]
o '(‘ Ui silicide. Phonon densiey of st Qass-baocse (=Bl £t e The el st s (T51) s e wdes of ey ariow s |+ e (TSL) descrbes e e o st of ey s i | st kg sty e DOS s, Mo g scmpiic ol e . - e u
doperisaon. e i Thera et e b el Uoeyons o i materils. Ascirate.TSL €t e i ssenti o ehcing. & Sucia tacors pesaiona a0 s | s s Cucanl o scuray prociag el rscr e P) is less computationally feadonible & f - Appismmeation * At tor e syvemanc sy of et
i i s e it Vi o e 171, i the st Fowse Carsteocs The TS 1 b desved fom e phoson casiy f sones (DOS) of 3 s, which ca o | » A ey s for TS vt ‘T,‘]M";h% <fstie (DOS) which s ol been cabcaised | - [(ependest phcocn DOS clclaion. thoogh the s Farmcetcn o e Diledic 0K i snbmsne || adoced moditicasion s phceea O
1. INTRODUCTION The nder of kyT, where Ky 15 the Bol h,,‘,“ ansform o the dhywamic pair correlation function G (7 1 e ing 3 i s e o densey focacna theory (DFT) Ab s stios e | wiagab oo bice s (ATLD) [1 i this smdy, we ivesate cakling e wemperane depeadeat phoaon DOS tsing MD with ber quanan | [Moleular s (ADD)) I A(m i S e
iy o tomic iseeacrions based on the electronie strctore of the system wsing, i o Jimechamical accuracy. We proceeded by replacing the CP with 2 machine Jearning posessial (MLP) ' Models syssems at fiste tesperanares. By mmd:‘*‘““ml -
Uranitan silicide (USi) s emerged a5 a matesa for bighdea . the de Broglie wave ARTIFICIAL NEURAL NETWORKS classafied into b imstio lamce dymammcs (AILD) and ab imitio molecxilar dynamics ,,\m:n Cumently ATLD | |, 5o gy Classical moleculas dynamics Jstio sumlation data. Machine-learning suolecuas dymaics (MLMD) was subsequently pesformed using the | |* High computational cost oot sstable for phonons | |© {iSit SRECE h‘“‘m,“'“m P
21, 3] miicipated for spplicaion i comuercia s A Tk simuiasons are wsed 1o derive the phoooe DOS for evalwing 3 TSL wih sigmficans accsmacy ATMD simulations | |1 oror oo o oo P — rained MLP. To vabidste the accmacy of the fiai MLP, we calculaed the phenon DOS from kow-tesaperanze | |_DOS L
«wuu SN e e (U o o s s e 1o e ey 2 e e DS t Fe eperaes howeser. ey v compuiaponaly | [ 7 g st no nly b cyine st ot s || [MLMD smiions s compared i withthe DOS obsied foen AILD ssmiaions, abseving good agreees. T T
ol the uces pover i phimncn of cogaien T fhe vaivcrml dpprokiantion e f kg sasically e DOS el Mol i (MD) g s el s B e wationsl 1o Tiqusds s semorphous maverials JAdcicaatty, coupanisoms of the henml neutron seatering cross sections calculated Gom the genersted DOS T
i H‘-» of gty ANN, of i e ol €) s e conpsoaly deomia. g o sl » Accuacy witdn 3 sescote compusaiona e | |, 5 T T e i of mperse. [wed reasonable consistency. Sabseqpeaty. MUMD simiions were coodaed a severs temperanies 1o “Machine learaing motecular dyaamics (MILMD)
aly it 4 croia kn aiommi he e rpeey gy e e olecuts DD e oo s ghomre DOE caiutse the temperate-depeadest DO, where stuft i pesk positions 20d pesk brcadening with = | [¢ o o sesung prcanal s e e cores s, s s of b st
ek A e e el ln . wetivin) & 1 s iy v e g " teperaic depeien phoaca DO iag MD Wi e Qs Dol s AMD) Accuacy skoagly depeads cago vere cbeerved. Faaly, the TSL. and scarenng cross sections were cacalated wsing the temperare dependent | |+ Socpics sotioeary
<t s, particularly cone emeu n TSL data mectianical accumacy. We by replacing the CP with 2 machine-Seaming potential (MLP) bl Som ab s systems at fsite temperarires . Um_ﬂmwmwm,L commenly wsed in oS Copusicn wih e sesis o e tempeatne mdepeadent DOS oined via ALLD Be mel - =
S usly m @, md T e el . Mochoe Iramu.a molecubar dymanmes (MLMD) was ssbsequenily performed usmg the | | High compusationsl cost not ssitabi for phonoa MDD, bave mevmsie | . he telashc scaftering cross sechons deffered b up fo 0K Research goal Ckataion sClemprte dprmles pindes DOS of sewron moderator awserals
aised Jidse the accumacy of e fsal MLP. e calnlated the phescn DOS fom low-tempersmre | |_DOS ! with e wacy by
S dut o v, DLCTRALXEIWORKMETHON MLMD st 04 conpard i it e DOS cbaoe. tom ALLD imlaios, e 04 agrecoc [ [ 2 ethods e
1M medion it e o practcall wain » NeTS modtle. e followin stegs Additiomally. compansans of the thermal newioun seaterng cioss secloms caliulated from the gemeried DOS 2.1, Machioe-kcarale : Spectral Nelghbor Analysls Potentisl (SNAP) met o 1) 3.1 Validation of the wed
il Aierd Ororon PR shiowed reasonable consistency Sabsequesily, MLMD mmumum were n...mmm af sevenal femperanures o Machinc learning molecular dynamics (MLMD) Cerye e poter e :“""‘ - SNAPw: nuum.x.nqAﬂDAL\IDum with configurations sampled via MLMD at 0 K.
ulion A S S — calalste the temperatune dependent DOS, where s in peak postices and peak brosdesiag Wilh EPESNE | |, iy 3 achine Jearming potental o eproduce the epevpies, forces, and sess fegsors of # i smition ettt ey oy g il + MLMDwas 4320 K wing NAP 1o calculate VACE ~
An evrging ool deskoged # LETP Low 8 o s cac anerial (1.5 mrion geaphite) (o hvcred. Py, e THL. s srasering v wmmwl:;; 8 g 0 SOTPUTIE-STA ||+ Fables ety age e, e 0 ong o Igih i asceaie computzioes e i scnmbdadeyattn nab oo fapeindionins A skt puicoiniiies « This phonoe DOS was compared. 'DOS obtained via AILD fo vah method
ica) labs. fox iuspsovia TSL. dasa po ousgarison wel e sesults Gum e teuperature-wdependent tained via AILD Be mefa S S A le agreement was o
R— w idely of 3 Proovss tho TSL 0 aining valhdation st dotst o iactesic . oropio 0% at 1000 K. Fesearch goal Colodaton o emperace depdest s DOEndnzlmvu:ludnalul:::lﬂ:! « The cnergy of each atom is expressed as  limear fincton of these bi-spectrum comporients: p D::l:‘;:;::kwk;:::zh“;ﬂmmﬁm o
Load s temsces o the doep loarming f— v - PETES YR » - e ey R = 2
Tt wﬂ‘.m.w,‘,.m,‘4.,..‘., ek 3tk g T Viethods 3 R DX oy o x o ]
(TSL s ko dictionaries of e al paramet iz ook _achisecame. md 2.1, Vabidation of the method o E;: energy of atom ¢ -;- tting cocficicans N e i D bawes AP
iAo sates ypes-patsasctes u o B . s ILD/AIMD dafa, with configarafions sampled via MLMD at 20 K. * fly: bsas teem 1 b spectnum companents cormespanding ‘ H H A Wi} |
beveoped im e NeTS spyeonch aad o 1 Aviessperfocmance, et s - I i e o A o VACP it omgentag s 505 | + Koy s e e s € ek ol .| i
techmiques for NeTS mplementation actoss diverse . R voruring 060 DOS Wwas com DOS Do 1 2 |
s TS 5. Sernlize the AN fon mcceleried GPU nfience 1 s ot A 2.2 Training scherme for machioe-learaing potens ’ i |
& laplows waliry for cethe-fly # aiom i expressed os a linear fsction of these bi-specinam companesds. A reasonbie agreemsent wis cbserved ia (he phonoa DOS. * SNAP s preliunanty wamed | § -4
IHERMAL SCATTERING THEORY Devations g o e o g o schons e s e s e o e i wed o peform MIMD | § | |
For e sl gl NeTS, s e A 1 - for 2 shont ducat ! & i i -
i e it B R H]
o of csallomphic e dioutest dataets o 0.141% § B Bk st i LD e P + Frce this short MLMD, e e
Temperature effets en Thermal Nettron Scatering in Bery s Metal fice oscillations vely 14} : by rx-mwv:\m‘mwmwhnﬁm‘ i 5_ § = configucation space is o
G Simecaon. 1. Gt N. €. Feming. A 1, Hwur ferental catrias o secion £ 3 el gy NS MPLEMENTATION FOR MONTE il | H , exploced md gl Graphite z
U CaoaLnpysics i s O tiond ¢ £
o AP Uil g S TX TR 50 E e 0.8+ e S 00) - S0apis ety et | £ { e popstpal] : i
w y 1 TS mw compled 10 sesco andd used 10 perfirm MLMD } o i i added to the yraising set i " 1 g
T — Where § is ypically evauned in FLASSH with 2 sy e e e i o3 shor duratan i S : 5 ! 2 R’ |
T s ke (emeusiculens scement exchange) and oot il ‘”.‘., cbling NeTS TSL dtn . o . * Repeating this 'MLMD- i : A i
# Ciawesiales wonsy sxchongs) .11 by N From this sbert MLMD, e e . AILD-tining sequence £ N v Len cm-wmn»r»hmmmmmw g SNAP models
oy ‘ u’L £ - Niios e dcsaaiy it IE (VI traised fom AILD/AIMD with the phosca DOS calkuaied from
Scancring coos socon = explored 1at asled Goaphite Sty ot MIMD, ! A L ENDE Doy el (o and gt Gt
g el <harmciomiod bebwviir vador wrediat '+ AILDMD sismilatioes are e . [FURMMO loproduce VACY |« AILDMD VASPcode [3]  * MLMD: LAMMPS code [4] e = e (Right) Comparison of inelastic scatering cross sections evalusted
’ performed, and e daa sec R sng AILD) ATMD-trained SNAP pboacs DOS and ENDF phcen
L TS vt o dripelrerr 3 e o mane i v (TSL) and cress ing
] T iy | 80310 e rining et [ The TSL 2 the cromssecions were evaluted s the Full L Analysis Scatering Systes Hib (FLUSSH) (51| 3.3 Thermmal svatroa searering crosssect . .
xk INAL METHODS 550 (T awrpang smey 1 |+ Repeating this "MLMD- : R Ere ) ° Basod ca the ghoaca DOS cbtaiacd rom NLMD weiag the trainod SNAP model « Using the temperane-dependent phonon DO, I Graphite
,,_‘1“;\;,’,"” L . « | AILD-mining’ seence ~ (Left Comparisan of phanoa DOS calculated using SNAP models | | The cubic approsmation was appied. ssuneng tsotropic phosn dispersicn . i . s Y f
' improves e scrcy sad A wained from AILDVATMD with the phonea DOS cacutned from | | Naturalisotopac composstions were assunsed for berylhem and casbon evabussed 3t the conespondeag temperiies |
sbility ot MLMD - AILD (ENDEY; Bryfies mied ) e e (mos) T Y R + For comparison, satierng cross sectioes were
: " PO ot V| L AP eade (3] * MIMD LAMMES code [§] g M Conprnomot et s s | 35 S et e 8 e coniprnions et oot ming e et (O,
ioeaties, Sl parmicion = & oh 2.3, Thermal scartering law (TSL) and erass section svaluation o g AILDIAIME traed AR plienen 0% 3 ENDF ghenc via MLMD at higher temperatires. : N ALLD-based) DOS a the same temmperatises g
- ‘The TSL and the cross sections were evabiuated using e Full Law Asalysis Scanering System Hub (FLASSE) (5] 33 ing c10ss secrion ~ - - —— ML g N VACFs plic . the inelastic scanermg cross § o0, |
7P « Baicd on ¢ bonca DOS obtined roa MLMD wing th rined SNAP moce ity e vt o 0 I P I s ,\mﬁ,,,,,,,,., s g e ! T
T o o e, s sorape puees g g e e f e i R 1D0S 1 e T-odpendet DOS. |
= e scgic compostioes were auied o bervlizn 03 caroon Craed n ¢ comapontag renperics. 3 1) The overal DOS syematicaly sl toward ower coergies = AI200K the cose & ! :
Temperatare-dependent phensa DOS + For comparison, scatering cross secticms wese | 2) The characteristc peaks broaden, with theis heights reduced the T-dependent DOS is tp o 'M.L\mrmn “ X
o . - rendent p N . i = The DOS for acoustic pbonon modes i the low-eoergy region deviates more and more froga the DOS at 20K that obtained froem the T-mdep. ENI f T
N using AILD (Be metal) and cabubanan data samgled als0 evahuated using the Tindependent (ENDF; 3
(=) erisie pimrericho Dy e aied g ALLD e AL e 55 e e wempertees 3 "1 = Siace the TSL is highly semsitve fo the DOS in this egion. this uphes dependent
c perature-indepeadent phonk = igher lemperatmes. ~ 7 DOS may resslt i o e changes m the TSL 4. Conclusions
= MLMD & e at ssch high VACFS 10 the phonon . Tn-np:ﬁr"mmmmnmm«mmnum i * We established and vabdated 2 methodology for
- Huiing on prior work, this sudy cxp rectof DS, cectons. o pragh e H Be | dee - preass '
= ermpentne mv,.m.m dymamic on et therl s the empernre i T-sepentest DOS and e Findepeasen D05, ©, | | Calesag empectre eeaden phacod DO -
o i i P e ') To vl DOS spwemmaically it oeard wer i < AT e s ! | | ! g MO o N Gl o bt i s
(=) e maine ki 2) The characteristic peaks bcaden, it thei heights educed he T-dependeat DOS i up 1o 20% ighes haa - e - (. * For Be et and graghit, we e SNAP 00K evauaed wing Tdepesdet ad Tindpendent DOSs
. x ot btaused ot T-andep, EN el
) 1.\3??:;:1 e s ks b o el e s s 005 4 20K hat obaiped oun e I-ndep. ENDF DOS Y | e A e
= e e prT— | + We successully %mwmmynmmmumm Wu oo
: - " e i s ety 2 = | oy foued m the esulg scaenng cros section dita.
L ] Snlitng e depracha i { » T et et o o TL. 0 e e, 2 e ik
- | sing MUMD sisilations. fsdn i ot vy e~y e — - by iacorpoeating temperanar ) b a [
o v "m“ m_ 3 { 3 « For e el nd grphie, e e SAP el CCEIS o et g o et 3 = b incorponning tenpesatae Scpeadet homoa DOS, e ha eyin o0 8 sage, enperan
] ot cons sccion, which Wik Bt s o e . ] el 1 i bated o data btzened G both AILD and AMD Tt and Fadepesiad “ACKNOWLEDGEMINTS — i
v T 15 KL I omptiaey . By i syt L 1| H smdations and verified e accaracy of the menod s well s the waned SNAP models s work was pstally fided by the Nociear Criticalty Safey Progras (NCSP) rthe Nations) Nuclesr Sectsity Administation of e US Degartsae of Enegy. 30d the Naval Noclea Propalsicn Pogram (NNPF)
m THERMAL SCATTERING LAW THEORY H [ e sl ctaned ey deprespones DS s s compaile o ko
1 — et s s i g g . | g A | it calculaions, The impact of consadeing leuperats €<t o the phovn DOS was ivestiged, and.a
cts. In crystallime e e e e i * Ths the eviluation of TSL h el Bidek
merme Hu quntizod lattice vibeas ¢ - = . \,- u.ummummu depemdent phonos DOS, (¥ber oa felviag 00 ) usle. Jeaperinise-
b b ! o ACENOWLEDGEMENTS
“This work was sty fnded by the Nuclear Crlcalty Safety Program (NCSP)fo the Natimal Noclear Secuity Admisisiaton of the 'S Departmest of Energy: andthe Naval Nucheat Propulsce Program (NNPF)




Summary

O Advanced nuclear reactors represent an excellent opportunity

for innovation
= Revived our knowledge of fundamental radiation interaction physics

=  Allowed the introduction of modern methods
. computational and experimental

O Integration of computation and experimentation to see the
unseen

O Hybrid and adaptive

O Innovation is great for mentoring the next generation of
nuclear engineering and science experts
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TSL Project

The Scattering Law Project

O TSL Project website will be launched at .
TAMU during Fall 2025 il ﬁ\ .| hescattering Law

Project

OO0 Will be include all LEIP work
TSL files (File 7)

ACE files

NeT5S

Benchmark and validation work

All published work (papers, reports, PhD
and MS theses, etc.)

Oooooano

O Will be open to all

O Request feedback from users
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What Else?




SANS Observations

= SANS contributions, based on data from the reference below,
| have a negligible impact on the total cross section and do not
modify neutron thermalization in a reactor.
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Figure 18 (b) from Reference Energy (eV)

Ref. 2 - Petriw, et.al., “Porosity effects on the neutron total cross section of graphite”



Graphite Density

= ORELA and PROTEUS with porous nuclear graphite density (i.e. use 1.6-1.7 g/cm3)

Self-consistent phonon DOS and density

Average Energy [eV]
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Graphite Density

= ORELA and PROTEUS without historical density approximation (i.e. use 2.25 g/cm3)

Self-consistent phonon DOS and density

Average Energy [eV]
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Radiation Damage
Interplanar Di-vacancy Defect

Observed in the MD system following
cascade sequence. MD is predictive in this
sense because no a-priori assumptions are
necessary regarding the defect structure.

n Scattering Cr
Classical Molecular Dynamics Simulations

by
Brian Douglas Hehr

Static ab-initio, on the other hand, requires
some initial guess that is then subject to
optimization.

APPROVED BY

Dr. Ayman 1. Hawari, Dr. Mohamed A. Bourham
. 0

Dr. Bemard W. Wehring Dr. Albert R Young

Development of the Thermal Neutron S Cross Sections of Graphitic Systems using

LEIP LABORATORLES

R.H. Telling, C.P EWG]S, A A. El-Barbary and LEIP MD analysis
M.I. Heggie. Nature Materials. 2,333 (2003).
(ab-initio)




Radiation Damage
Interplanar Crosslinking

With increasing cascade
buildup, the basal planes of
graphite cross-link.

- Individual point defects
become less
distinguishable
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Radiation Damage
Effect of Temperature

p(B)

Cascade buildup
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to dominate
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