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The scattering law

Using first Born approximation combined with Fermi pseudopotential, it can 

be shown that the double differential scattering cross section has the form

Van Hove’s space-time formulation
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where G( Ԧ𝑟,t) is the dynamic pair correlation function and can be expressed 

in terms of time dependent atomic positions. 

Neutron Thermalization
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() – density of states (e.g., phonon frequency distribution)

The scattering law (TSL) is the Fourier transform of a Gaussian correlation 

function
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Thermal Scattering Law Analysis

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

 Produce data necessary to calculate the TSL including

DOS for evaluation of TSL

Direct access to TSL using correlation analysis
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Evaluation Approach

Construct atomistic model of a material

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

 Density, thermal expansion, thermal conductivity,…

 Ergodic behavior, correlations,…

Generate input (DOS, …) for TSL calculations

Calculate TSL and produce thermal scattering
cross sections

 Check consistency of results with computational
assumptions/models

 Compare to experimental data



Thermal Scattering Cross-Sections 

Evaluation DFT/LD



Thermal Scattering Cross-Sections 

Evaluation MD/QM



ENDF/B-VIII TSL Evaluations
Material ENDF Library Name Evaluation 

Basis
Institution

Beryllium metal tsl-Be-metal.endf DFT/LD NCSU
Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-OinBeO.endf DFT/LD NCSU
Light water (hydrogen) tsl-HinH2O.endf MD CAB
Light water ice (hydrogen) tsl-HinIceIh.endf DFT/LD BAPL
Light water ice (oxygen) tsl-OinIceIh.endf DFT/LD BAPL
Heavy water (deuterium) tsl-DinD2O.endf MD CAB
Heavy water (oxygen) tsl-OinD2O.endf MD CAB

Polymethyl Methacrylate 
(Lucite)

tsl-HinC5O2H8.endf
MD NCSU

Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU

Reactor graphite
(10% porosity)

tsl-reactor-graphite-
10P.endf

MD NCSU

Reactor graphite
(30% porosity)

tsl-reactor-graphite-
30P.endf

MD NCSU

Silicon carbide (silicon) tsl-CinSiC.endf DFT/LD NCSU
Silicon carbide (carbon) tsl-SiinSiC.endf DFT/LD NCSU
Silicon dioxide (alpha phase) tsl-SiO2-alpha.endf DFT/LD NCSU
Silicon dioxide (beta phase) tsl-SiO2-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
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Graphite

• Hexagonal Structure

• 4 atoms per unit cell

• a = b = 2.46 Å

• c = 6.7 Å

• Density = 2.25 g/cm3

Ideal “crystalline” graphite 
consists of planes (sheets) of 
carbon atoms arranged in a 
hexagonal lattice.  Covalent 
bonding exits between 
intraplaner atoms, while the 
interplaner bonding is of the 
weak Van der Waals type.  The 
planes are stacked in an 
“abab” sequence.

Nuclear Graphite (SEM at NCSU)

Density = 1.5 – 1.8 g/cm3

Reactor/Nuclear graphite 
consists of ideal graphite 
crystallites (randomly oriented) 
in a carbon binder. It is highly 
porous structure with porosity 
level ranging between 10% and 
30%.



Reactor/Nuclear Graphite
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Liquid FLiBe

Eutectic with a 
mixture of 2:1 ratio 
of LiF and BeF2

Melting Point: 732K 
Boiling Point:1703K

DFT and MD 
analysis (with QM 
corrections)

TSL evaluation 
between 750K and 
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Carbon-Carbon Composite

Carbon fiber embedded in a 
carbon matrix.

Density may vary in the 
range of 1.6 to 2.0 g/cm3.

MD analysis (with QM 
corrections)

TSL evaluation
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The scattering law

Using first Born approximation combined with Fermi pseudopotential, it can 

be shown that the double differential scattering cross section has the form

Van Hove’s space-time formulation
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where G( Ԧ𝑟,t) is the dynamic pair correlation function and can be expressed 

in terms of time dependent atomic positions. 
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FLASSH Code



FLASSH Code Features
NJOY (LEAPR and 

THERMR)

FLASSH

Incoherent 

approximation

Yes No

Cubic approximation Yes No

One atom per unit 

cell

Yes No

Short Collision Time 

(SCT) Approximation

Yes No

Coherent elastic 

scattering

Approximate (and hard 

coded for selected 

materials)

Exact formulation (any 

material based on user 

input)

Integral against  Numerical Analytical (optional 

numerical)

, grid User input Automatic (optional user 

input)

Parallel computing N/A Yes

Input syntax check N/A Yes

Graphical user 

interface

N/A Yes



NJOY

Be Scattering Law 𝑺(𝜶, 𝜷)

0.01 0.1 1 10

0.001

0.01

0.1

S
(

,
)



 Experiment

 LEAPR (incoherent approximation)
 = 2.75



FLASSH
Be Scattering Law 𝑺(𝜶, 𝜷)

0.01 0.1 1 10

0.001

0.01

0.1

S
(

,
)



 Experiment

 LEAPR (incoherent approximation)

 FLASSH

 = 2.75



Summary
 New NEUP project (Nuclear Data) to evaluate TSL for FLiBe,

C-C composites, and Nuclear Graphite

 Modern predictive methods for thermal neutron cross
section calculations based on the use of atomistic
simulations

 Ab initio lattice dynamics

 Molecular dynamics (ab initio and classical)
 New materials

 All states of matter (solid, liquid, gas)

 Imperfect structure

 FLASSH is a new thermal scattering analysis platform that 
uses a generalized theoretical approach for TSL 
calculations.

 Developed a holistic and coupled computational-
experimental approach for investigating TSL development.
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