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Thermal Scattering Law Analysis

OKey development in the last 20 years is
the use of atomistic simulations methods
to support the evaluation process

B Produce data necessary to calculate the TSL including

O DOS for evaluation of TSL
O Direct access to TSL using correlation analysis

ackage
imulation
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Neutron Thermalization

Using first Born approximation combined with Fermi pseudopotential, it can
be shown that the double differential scattering cross section has the form

d’o 1 £
dQdE' 4z \ E

The scattering law  S(k,w) is composed of two parts

{Gcth(fc', W)+ o,

incoh

S, (k)

S(k,w)=8,(k,w)+S,(x,v)

Van Hove’s space-time formulation

1(#%,1) =[G (F.t)exp ik -7 dr

S (E,w)=2—jzh [ [ G(7.)e" " ardt

where G(7.¢) is the dynamic pair correlation function and can be expressed
in terms of time dependent atomic positions.



S (a,p)=k,T-S (ko)

Since 1960s
p - GASKET
d =2 =S (ap) NJOY/LEAPR
deE, inelastic 2kB T E
B= E-E Energy transfer o= (E + E' - 2VEE' cos6) Momentum transfer

k,T kyT

The scattering law (TSL) 1s the Fourier transform of a Gaussian correlation
function — INCOHERENT APPROXIMATION

o0

] .
S (a,f)=— |e e "dt
27 7

_a [ p(fB) gt | pi2
7(1)= 2_[O,Bsinh(,8/2) e e ap

o(p) — density of states (e.g., phonon frequency distribution)



Evaluation Approach

0 Construct atomistic model of a material

O Verify ability of model to reproduce physical
properties of the material (equilibrium
conditions)

B Density, thermal expansion, thermal conductivity,...
B Ergodic behavior, correlations,...

O Generate input (DOS, ...) for TSL calculations

O Calculate TSL and produce thermal scattering
Cross sections

B Check consistency of results with computational
assumptions/models

B Compare to experimental data



Thermal Scattering Cross-Sections

Evaluation DFT /LD

Optimize the
DET system structure

Pseudo-
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Thermal Scattering
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Thermal Scattering Cross-Sections

Evaluation MD/QM

LAMMPS

NJOY

Thermal Scattering
Law S(a, B)

=
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Phonon \éelomltyt_A L Evaluate classical Quintuml
orrelation mechanica
G(r, t) and [k, t
model Function (VACF) .1 () model
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Density of States Quantum Correction assumption ' )

Thermal Scattering
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ENDEF/B-VIII TSL Evaluations

ENDF Library Name

Material

Evaluation

Institution

Basis

Beryllium metal tsl-Be-metal.endf DFT/LD NCSU
Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-0OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH20.endf MD CAB
Light water ice (hydrogen) tsl-HinIcelh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-Oinlcelh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD20.endf MD CAB
Heavy water (oxygen) tsl-0inD20.endf MD CAB
Pon!nethyI Methacrylate tsl-HINC502H8. endf MD NCSU
(Lucite)

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
Reactor graphite tsl-reactor-graphite- MD NCSU
(10% porosity) 10P.endf

Reactor graphite tsl-reactor-graphite- MD NCSU
(30% porosity) 30P.endf

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-Si02-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-Si02-beta.endf DFT/LD NCSU
Yttrium hydride (hydrogen) tsl-HinYH2.endf DFT/LD BAPL
Yttrium hydride (yttrium) tsl-YinYH2.endf DFT/LD BAPL
Uranium dioxide (oxygen) tsl-OinUO2.endf DFT/LD NCSU
Uranium dioxide (uranium) tsl-UinUO2.endf DFT/LD NCSU
Uranium nitride (nitrogen) tsl-NinUN.endf DFT/LD NCSU
Uranium nitride (uranium) tsl-UinUN.endf DFT/LD NCSU




ENDEF/B-VIII TSL Evaluations

ENDF Library Name

Material

Evaluation

Institution

Basis

Beryllium metal tsl-Be-metal.endf DFT/LD NCSU
Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-0OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH20.endf MD CAB
Light water ice (hydrogen) tsl-HinIcelh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-Oinlcelh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD20.endf MD CAB
Heavy water (oxygen) tsl-0inD20.endf MD CAB
Pon!nethyI Methacrylate tsl-HINC502H8. endf MD NCSU
(Lucite)

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
Reactor graphite tsl-reactor-graphite- MD NCSU
(10% porosity) 10P.endf

Reactor graphite tsl-reactor-graphite- MD NCSU
(30% porosity) 30P.endf

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-Si02-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-Si02-beta.endf DFT/LD NCSU
Yttrium hydride (hydrogen) tsl-HinYH2.endf DFT/LD BAPL
Yttrium hydride (yttrium) tsl-YinYH2.endf DFT/LD BAPL
Uranium dioxide (oxygen) tsl-OinUO2.endf DFT/LD NCSU
Uranium dioxide (uranium) tsl-UinUO2.endf DFT/LD NCSU
Uranium nitride (nitrogen) tsl-NinUN.endf DFT/LD NCSU
Uranium nitride (uranium) tsl-UinUN.endf DFT/LD NCSU




ENDEF/B-VIII TSL Evaluations

ENDF Library Name

Institution

Material Evaluation

Basis

Beryllium metal tsl-Be-metal.endf DFT/LD NCSU
Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-0OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH20.endf MD CAB
Light water ice (hydrogen) tsl-HinIcelh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-Oinlcelh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD20.endf MD CAB
Heavy water (oxygen) tsl-0inD20.endf MD CAB
Pon!nethyI Methacrylate tsl-HINC502H8. endf MD NCSU
(Lucite)

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
Reactor graphite tsl-reactor-graphite- MD NCSU
(10% porosity) 10P.endf

Reactor graphite tsl-reactor-graphite- MD NCSU
(30% porosity) 30P.endf

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-Si02-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-Si02-beta.endf DFT/LD NCSU
Yttrium hydride (hydrogen) tsl-HinYH2.endf DFT/LD BAPL
Yttrium hydride (yttrium) tsl-YinYH2.endf DFT/LD BAPL
Uranium dioxide (oxygen) tsl-OinUO2.endf DFT/LD NCSU
Uranium dioxide (uranium) tsl-UinUO2.endf DFT/LD NCSU
Uranium nitride (nitrogen) tsl-NinUN.endf DFT/LD NCSU
Uranium nitride (uranium) tsl-UinUN.endf DFT/LD NCSU




Graphite

FLSEVIER

A
Ideal “crystalline” graphite %

consists of planes (sheets) of | - Hexagonal Structure
carbon atoms arranged in a « 4 atoms per unit cell
hexagonal lattice. Covalent o %;3—& e a=b=246A
bonding exits between o—1" < O e c=6.TA
intraplaner atoms, while the - Density = 2.25 g/cm®
interplaner bonding is of the '

weak Van der Waals type. The A

planes are stacked in an o

“abab” sequence. e S

ScienceDirect Nuclear Data
‘Sheets.
uhe Graghi

Reactor/Nuclear graphite

consists of ideal graphite

crystallites (randomly oriented)

in a carbon binder. It is highly

porous structure with porosity

Iéaalé/al ranging between 10% and
0.

’ kk i
Nuclear Graphite (SEM at NCSU)
Density = 1.5 - 1.8 g/cm3



Reactor/Nuclear Graphite
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Light Water (H in H20)
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Neutron Thermalization

Using first Born approximation combined with Fermi pseudopotential, it can
be shown that the double differential scattering cross section has the form

d’o 1 £
dQdE' 4z \ E

The scattering law  S(k,w) is composed of two parts

{o.,,S(Kw)+o0,

incoh

S, (k)

S(k,w)=8,(k,w)+S,(x,v)

Van Hove’s space-time formulation 21 st
1(&%,1)= IG(F,r)exp(EE-F}a’F Century
— 1 T — i(Kx7r—ot) 73—
S(K,w)zz—jm:';o:[o(?(r,t)e( \didt

where G(7.¢) is the dynamic pair correlation function and can be expressed
in terms of time dependent atomic positions.



FLASSH Code
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3
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By

Structure ? x

Input unit cell vectors 2, b, and ¢, in the unt of A

eshortcut | gov  tov - folder v l@Mistory  { Invert selection

Organize New Open Select
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e

Cont
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208/
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endf,
sutp,

Date modified Type Size

rol.bit

TXT File 1KB
TXT File 48
T File 1KB

File Edit Search View Encoding L
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[ Control txt l

facro

ge Settings Tools

Clmyglax

1 /Coherent Elastic (DBW Matrix)

1 /Sum to the specified phonon order

1 /Automatic Alpha Beta Grid

1 /Automatic Energy Grid

2 /Print S(a,b) in Alpha Beta gridding
@ /Do Not print asymmetric S(a, b)

@ /Do not print differential

1 /Analytical Integral against Alpha

1 /Scatterrer to be evaluated
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300,400,500,600 /List of Temperatures
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27 /Material Number (MT) of ENDF File7 > Full Law Analysis

1 /Number of scatterers in B(N) listing Scattering System Hub  * etc.)
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FLASSH Code Features

NJOY (LEAPR and FLASSH
I e - e e
Incoherent Yes No

Cubic approximation Yes No

One atom per unit Yes No

o]

Short Collision Time Yes No

(SCT) Approximation

Coherent elastic Approximate (and hard Exact formulation (any

scattering coded for selected material based on user
materials) input)

Integral against o Numerical Analytical (optional

numerical)
o,p grid User input Automatic (optional user
input)

Parallel computing N/A Yes

Input syntax check N/A Yes

Graphical user N/A Yes

interface
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FILASSH
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Summary

O ENDF/B-VIII is released with significant additions
and modifications to the TSL sub-library

OThe “new” TSL evaluations in ENDF/B-VIII all
implemented atomistic simulations methods to
support the evaluation process

O The use of new methods and Eerforming first-of-
kind evaluations highlighted the need to address
iIssues such as
B TSL measurements and benchmarks
B TSL uncertainty quantification

B TSL file structure (content and format)
O Use of GNDS



