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Neutron Interactions — Carbon

A (angstrom)
9x10* 9x10° 9x10? 9x107 9x10°® 9x10™* 9x10° 9x10°®

Cross Section (b)
|_\

0_1 ——mmmrmmmrmmq—mmm—mm

10° 10* 10° 102 10%' 10° 10' 10°> 10° 10* 10° 10° 10”7 10%® 10°
Energy (eV)




LEIP LABORATORIES

Neutron Thermalization

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

dc 1 |E' B )
dode 2z g (Cen SO+ TS (.0)]

The dynamic structure factor S(k,») is composed of two parts

S(x,w) =S, (k,0)+ S, (k,w)

Van Hove's space-time formulation
I(#,1) =[G (F.t)exp ik -7 )dr

S (% 0)= Z—ih | [G(r.t)e=drdt
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where G(7',t) is the dynamic pair correlation function and can be expressed
in terms of time dependent atomic positions.
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The scattering law (TSL) is the Fourier transform of a Gaussian correlation
function

Ss(a,ﬁ) — % je—iﬂe—7(t)dt

i o(B) i /2
7(t) = jﬂsmh(ﬁ/z) L-e e dp

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



Thermalization in Liquids

O Separation of the
diffusive DOS from .
the continuous Liquid
(solid) DOS Total
O Convolution of the Oé:\
solid and liquid TSL |
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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

M Produce data necessary to calculate the TSL including
O DOS for evaluation of TSL
O Direct access to TSL using correlation analysis
O Support computational and experimental analysis

ackage

imulation




Analysis Approach

O 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
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Thermal Scattering Law
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Thermal Scattering Law VOLuoe
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Ab Initio Generation of Thermal Neutron Scattering Cross Sections
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Quantum mechanical ab initio (i.e., first principle) methods are applied in
senerating the therial neution scaterng ross sections of modesaios and
reflectors that are of mterest in miclear technology
Tocemss on graphite sud bersllima, Tn both canes, e sb it code VASP
d the lattice dynamics code PHONON were used 1o generste the
dispersion telations. and the phonon frequency distributions (density of
states). This information was then utilized in the LEAPR module of the
NJOY code to calculate the thermal newtron scatering cross sections at
various temperatires.  The use of the ab I represents a major
departure from previously applied methods, depended mainly on
fiting simpler dynamical models to expenmental data to amive at the
phonon frequency distributions. In this case. nmch more complicated
models of the atomic system of inferest can be set up, which allows the
establishment of 2 more complete dynamical matrix.  As opposed 1o the
semi-empinical methods used previously, this method represents a
fundamental and predictive appronch for estimating materials” properties
including ones that are of interest in nuelea

itio appros

reactor design,

KEYWORDS: neutron, thermal neatron, slow neutron, ab initio, VASP.
graphite, beryllium, moderator, phonon frequency distribution, thermal
‘neutron scattering cross section, nuclear reactor

1. Introduction

Due o advances in conpatational power. the possibility now exists to perform detaiked quatn
twechenscal ab iito i first praiple) simmibations of aton systeens.  These sinmibtions ave cuntenly
used in iekds such as physics, chemusary, and maserials science to characterize and precct the beliavioe of
new and exote materials (1] Using this appeoach, i is possible to establsh the equiibrium atoric
positions of a given material and predbt the varicus peoperties of the material starting from such basic
mfometion as the coondinmates of the atous.  Consequently, ab mitio sinuibstions seek 10 gain nsight into
the bonding forces in the material, which are usually variations of the Coulomb force that result in the
formation of sonse, covalent, modecular, and van der Waals boads.

I mickear reactor design. the effect of atomsc andcr mokcular bonding becomes important as the
evtrons skow down and enter the thermal (or slow) region (neutron energy = 1 V). The microscopic
nteraction (i, absorption, scafering, efe ) of slow veusrons within the reactor core defines the themzl
et enegy specan, which affects several global (ncroseopic) properties such as critcalty, and
safety anxd feedbock response.  Therefore, the accuracy of the thermal evtron scaftering cross sections
that are wsed in reactor core design calulations are important for operatig the reactor m an optimized
and safe mamer.

In the past. the thenual neutron scatterng cross sections wese denved fiom structure dynamics models
that were fitted to experimental data in order to quantify the forces between the atoms and calculate the
roquired excitaion density of sates (2], However, by using the ab imsio approoch, the abibty now exists
o treat el bager systeans of atons, aid amive i more sccumae sl conplete dynamacal models from
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Material

Beryllium metal

tsl-Be-metal.endf

ENDF/B-VIII TSL Evaluations

Evaluation
Basis
DFT/LD

Institution

Beryllium oxide (beryllium) tsl-BeinBeO.endf DFT/LD NCSU
Beryllium oxide (oxygen) tsl-OinBeO.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-0OinD20.endf MD CAB
Polymethyl Methacrylate (Lucite) tsl-HinC502H8.endf MD NCSU
Polyethylene tsl-HinCH2.endf MD NCSU
Crystalline graphite tsl-graphite.endf MD NCSU
I(?‘fg;:o;o%;asli’w;e tsl-reactor-graphite-10P.endf b2 NEE
?;g;(t)o;osi‘zas?tlv;e tsl-reactor-graphite-30P.endf MD NES
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-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
Paraffinic Oil To NNDC MD NCSU
Sapphire (Al203) To NNDC DFT/LD NCSU
Molten Salt (FLiBe) Completed MD NCSU




New to NNDC
Heavy Paraffinic Oil
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New to NNDC
Single Crystal Sapphire TSL Data
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Completed
FLiBe TSL Data

DOS using MD 773 K TSL using FLASSH 773 K
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»

Electron DOS

o-Uranium Metal

» Stable up to 668°C
Ab initio lattice dynamics

» DFT - GGA-PBE plus an effective
Coulomb term (+U) of 1eV for the 5f
electrons plus spin-orbit coupling

o Experimental Data (combined XPS and BIS data)

——— Electron Density of States .

o Orthorhombic structure

o 550 eV plane wave cutoff
o 12x12x7 k-mesh

Experiment (4.2 K)  Calculated Diff. (%)
a (A) 2.8444 2.8565 0.42
b (A) 5.8689 5.8706 0.03
c (A) 4.9316 4.9834 1.05




Hydrofluoric Acid MD

O Constructed potential
function

O Molecular dynamics model
O LAMMPS code
O 4000 molecules

1 2 1 qs4s
ytotal = ZE kD|rF,i - di| +§kHF(7”HF — dpp)? +ZZ —
i

: d r .—r,.
i<j s,s| S,i S0

+Z48FF [<_ OFF )12 _( OFF >6]
= |rF,i - rF,j| |rF.i - rF.J'|

O Testing is underway using
experimental data derived from e

“CRITICALITY OF LIQUID MIXTURES

OF HIGHLY 235U-ENRICHED

URANIUM HEXAFLUORIDE AND camen pan o x

HYDROFLUORIDE ACID”




FLASSH Code

b Crystal Structure: U_UN 7 *

Material Selection: | 12 - in UN >

° F L AS S H Cod e Parameters [ab c [A] a By [7] (space group)]:  4.85345 4,85345 4,85345 50 90 90 {Fm-3m)

[ ] Relaxed major Inputunitcell\recxb:rsa,b,andc,inﬂ:unitofﬁ. _
approximations (incoherent, a 45045 000000 0.00000
cubic, ect ) b 0.00000 485045 0.00000

« Improved liquid physics i b S i

 Improved output formatting NurbesofNon-Equnalent At Sz [2

« Warning Messages for the i [
User 7 FLASSH: U_UN - %

(] FLASSH GUI Project Creste Run  Help
» Error Checks

W for the primary scatterer

« Crystal Structure Window/

Inputs FLA H
« ENDF Header Formatting ' =

Full Law Analysis Scattering System Hub

Do not distribute without explicit permission from Ayman Hawari
(aihawari@ncsu. edu)
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NJOY DULILLE
Be Scattering Law S(a, )
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Be Scattering Law S(«, f8)

0.1 -

0.001

1 |—— Experiment
1 |- - - LEAPR (incoherent approximation)
] |—— FLASSH

B=275

._.’.

0.01




FILASSH — Generalized TSL &
Doppler Treatment

o Generalized TSL
» Exact Structure

» Polarization vectors and frequencies directly input
» Removes cubic and atom site approximation

o Doppler Broadening
» FLASSH TSL to determine velocity distribution for

broadening

» Implements exact material structure
»  Consistent evaluation for both thermal scattering and

Doppler broadening

S"(k, w) = j e M (k, t)dt

— Ie—iwte<u >m*<UV0>m dt

23| 6.674eV Resonance
| Total Cross Section - 23.7 K

Total Cross Section (barn)

Graphite - 296K

o Experimental Cross Section| |
Free Gas
—— FLASSH Generalized TSL | -

[ Percent Difference: (C - E)/E )

Percent Difference

20
(TS (S [T [V VA [
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Total Cross Section (barns)

T
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PULSTAR reactor m
O Current major

facilities/capabilities

B Neutron powder
diffraction

B Neutron imaging

Intense positron beam —

m Ultracold neutron source
(under testing)

B Neutron activation ML
analysis

B In-pool irradiation testing
facilities 4

A

B PULSTAR power upgrade
1-2 MW (licensing stage)

B Various instrument and
facility upgrades

B Pulsed accelerator neutron
source (under testing)

B Fuel loop for fission gas
release studies

O Current projects =T \1@

DDDDD

eeeeeeeeeeeee

(224)248)




Cross Section Measurement Project

NPDF Facility Upgrades -
Dual Purpose:

O Diffraction Measurements:

15 New Position Encoding Modules
(PEM) - improved diffraction
measurement resolution Ad/d of
2.9x1073 for 3mm holder

O Transmission Measurement
Capabilities:

00000

ar Graphite

« Monochromator capable of
providing beam wavelengths of
1.085 A&, 1.180 &, 1.479 A, and
1.762 A

- Transmission Detection Apparatus == :
with collimator.

10
20 (degree) T




TSL NeTS

O New TSL paradigm

B DL Neural Thermal
Scattering (NeTS)
modules

0 See papers and
presentations

B ANS 2019 Winter
Meeting,
Washington, DC, USA

B PHYSOR 2020
Meeting, Cambridge,
UK

Hidden
layers




LEIP LABORATORIES

Summary

O TSL Activities continue including evaluations and
methods development

O Evaluations are contributed to NNDC
B Paraffinic oil and single crystal sapphire
B Molten salt FLiBe will be submitted soon
B Hydrofluoric acid is initiated
B Uranium metal is initiated

O FLASSH testing and several evaluations are
underway

O Activities in data measurements and benchmark
development are underway

O DL NeTS approach is under testing



