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Motivation
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Motivation

O Develop a thermal neutron scattering, continuous and accurate, data
representation that supports the needs of advanced modeling and
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NG Neutron Interactions
Moderation & Thermalization
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Neutron Interactions
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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

do 1 |E' .
deE’ :471_\/;{ cth(K a))+o-|ncth (KJG))}

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

S(x,w) =S, (k,w)+ S, (x,w)
Van Hove’s space-time formulation

(%1 =jG (7, )exp (i -7 dr

S (%, = j j G(F,t)e'“"drdt

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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S.(a,B) =KkgT -5,(K, )

dc o E’
' = SS (a’ﬂ)
dOdE’l 2k TVE
inelastic
B= Ek_TE | Energy transfer o= EFE _If “TEE' €0s9)  Momentum transfer
B B

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

¢ T () it | B2
N)_z_[oﬂsinh(ﬁ/z)[l e Je"dp

o(p) — density of states (e.g., phonon frequency distribution)
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Nuclear Data - ENDF/B

O Current format e Navigate to

Suarch the NDC

B Dated e ENnOF ENDF/B-VIILO Evaluated Nuclear Data NNDC website
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ENOF Acort ove ecumarann

. .
. t d [EECTMM Cross Section Evaluation Working Group (CSEWG)
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Methodology
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elimann— d : .
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Quantum Feynman forces '
mechanical

LI

7 Crystal Structure: U_UN

Material Selection: | 12 - Uin UN e

Parameters [a b c [] o By [7] {space group)]:  4.85945 4.85945 4.85945 90 90 90 (Fm-3m)

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

X Y z
a 485545 0.00000 0.00000
b 0.00000 4859435 0.00000
< 0.00000 0.00000 4.85845

e o o Squvlen atms Stes

DOS Type Atom site “

% FLASSH: U_UN — X

Project Create Run Help

¥ for the primary scatterer

FLASSH

Cancel

Full Law Analysis Scattering System Hub

Da not distribute without explicit permission from Ayman Hawari
(aihawari@ncsu.edu)
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TSL Implementation

[0 General task

B Provide the most accurate multivariate
TSL representation MD/AILD

OO Current capabilities

M Discrete temperature grids
Interpolation
Basis functions
Higher max percent deviations Discrete temperature
Higher memory consumption TSLs -> XS

OO0 What is missing?

Reactor
Continuous temperature (interpolation free) simulation

Improve memory footprint
Improve accuracy

|

|

|

B Maintain or Improve computation speed
O Contextdependent
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TSL Implementation

[0 General task

B Provide the most accurate multivariate
TSL representation
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OO Current capabilities

M Discrete temperature grids
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Artificial Neural Networks

A data representation originally inspired by the abstraction of biological neurons

_/ Hidden layers
----- —————

Output layer

Input layer :
S AN L

l =

1

I -

|._.,__||

O S
v v

Artificial Intelligence (Al)

Machine Learning (ML)

Deep Learning (DL)

Neural Thermal Scattering
(NeTS) Modules:

Multi-Input, Single Output
Nonlinear Regression
Supervised Learning

Output

WX+ Wy X+ Wy X+ B

Wy Wy Wy WX W, X, + WG + b

. b
Wi Wy, Wsy XI b, Wy X + W, 0, + Wy ,% +b,
x s =
b

Xy
Wig Wy Wiy : W% W, X W X+ b,
‘ Activation
WX Wy X Wy X+ D) g,
WX, + Wy X, + W, X + b, g, 1 2
—’ - - A\
WXy + Wy X WX, + by g MSE —_ (yl - yl)
WX+ W, X, + W, X, + b, g N ;
T T T T T T T T T
3+ |— ReLU (x) = max(0,x)

| |~ Sigmoid (x) = 1/(1+e™)
—— Tanh (x) = (e*-™)/(e*+e™)
—— Softplus (x) = In(1+&*)
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Neural Thermal Scattering (NeTS) Flow Chart

0. DOS: Calculate/verify ab initio phonon density of states
1. FLASSH: Produce training data and aggregate S(a,[3)

2. Data-preprocess: Scale alpha, beta, temperature, S(a,[3) data and split
between training/validation/test datasets

3. Network training: Train Artificial Neural Network (ANN)

4. Evaluate network: Produce deviation metrics for train, validation, test
datasets

5. Produce S(a,3) data: Use optimized network weights with neural
architecture
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1. Training Data: FLASSH Loop

JTFLASSH: U_UC = X

Project Create Run Help

FLASSH

Full Law Analysis Scattering System Hub

Do not distribute without explicit permission from Ayman Hawari
(aihawari@ncsu.edu)
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9 FLASSH: U_UC - X

Project Create Run Help
Configuration
Secondary Scatterers

Crystal Structure

Atom Properties w
DBW Matrix

Density of States ,
o, B, and Energy Grid

Full Advanced Options
ACE

ring System Hub

Do not distribute without explicit permission from Ayman Hawari
(aihawari@ncsu.edu)
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B C\WINDOWS\system32\cmd.exe

: FLASSH Beta3 - February 14, 2020

Interaction Ph (LEIP) Laborat
of Nuclear Engin ng, North Caro

Calculation initiated : 11/11/2021 at 16:

Using cubic a
Executing coherent lculation.

Executing incoherent inelastic calculation at...

hod for coherent elastic

e University

aluation.

Load inall T, ¢, d, DOS data

Control.txt
DOS.txt

Overwrite input lines w/
current temperature data

Run FLASSH

* I.f T = 7“1

Loop: T =T; ... T,

Read in a/p grid and

initialize TSL array

Read TSL data from

output.txt

FLASSH output

S.txt
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1. Beryllium Metal Evaluation at 77 K

Beryllium Metal S(a.,3) at 77 K

Beryllium Metal AILD Phonon DOS for S(c,p) R e
1E-54 —

——0.00305

- ool | 001056
- ~] —0.10281
| —— ENDFS8 S1E1] | 100062

S | 1043443

n — 88.47604

k
1E-7 4

E
1E-15 o

17
25 1E-19 5
] 1E-21 3
1E-23 4

1E-25 ey
0.1

100

1 Beryllium Metal S(a.,) at 77 K
10 - 01]

1
- 0.001 4

Phonon Density of States

1E-5 :
5 T 1
1E-7 4
1
1E-9
0 1 o 1117
] 2 1E13 ]
1E-15 : N
1E-17 3 - 0.10011
1E-19 1 T 100252’5;7
Energy [eV] i 1015286
E23y ~197.6285
1E-25 3 e
0.001 0.01 0.1 1 10 100

I I I I I
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1. Beryllium Metal Temperature Dependence

Beryllium S(a.,8) as a function of T [K]
for g = 10at varying o

0.01
1E-4
1E-6
1E-8
1E-10
=
3 1E-12
P 1E14 o
16 —— 0.00305
—— 0.01056
1E-18 ——0.10281
1E-20 — 1.00062
(£ ———10.43443
—— 88.47604
1E-24 T T T T T T T T T T T
200 400 600 800 1000 1200

Temperature [K]
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2. FLASSH Data Preprocessing

1. Linearize alpha (logl0), beta (1ogl0) , temperature grids (1/T) to [-.75,.75] —

——— % low. T high | @ low. T high

2. Transform Thermal Scattering Law Data (logl0)

3. Generate input “edges” to assist training (feature engineering)

Scaled S(a.,,T) input edges over o Scaled S(a.,B,T) input edges over T Scaled S(a,3,T) input edges over B
1.0 1.0 1.0
— A-low,B-low
—— A-high,B-low
0.5 1 0.5 1 e A-lOW,B-high 0.5
—— A-high,B-high
0.0 0.0 - 0.0
—— B-low, T-low * — A-low,T-low *
—— B-high,T-low ;
-0.5 h A-high, T-low
2] —— B-low, T-high * -0.5 4 -0.5 1 — A-|0\?V T-high *
=\ —— B-high,T-high L ;
§ g g —— A-high, T-high
=
Z -1.0 T T T T T T T
=27 1.0 05 0.0 05 1.0 -10 ' ' ' ' ' ' ; -10 : : : : : : :
=\ Scaled a -10 05 0.0 05 10 -1.0 05 0.0 0.5 1.0
ok Scaled T Scaled B
=
4. Divide dataset into training (99%), validation (.5%), and test (.5%)
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3. Network Architecture and Hyperparameters

Input Layer (n; = 15):
15 features (a/B/T + 12 1-D edges)

miﬂh,l =1

A 4

mh,laa =Z|

®

Mpa1-n3 =

Hidden Layer 1 (n;,4 = 128):
128x15 wip 1, 128x1 bjp 4
+ LeakyReLU(0.1)

My 1op2 =1

A

Hidden Layer 2 (n,, = 128):
128x128 Wy, 12, 1281 by 12
+ LeakyReLU(0.1)

My 2op3 =1

A

m]!,Z"hA =1

mh.l—»h,tl =2

Hidden Layer 3 (n;3 = 128):
128x128 Wy, 513, 1281 B pons
+ LeakyReLU(0.1)

My 3-n,4 =1

My 350 = 1

X

Hidden Layer 4 (n;, 4 = 128):
128x128 Wh,3=h,4» 128x1 bh,s-h.4
+ tanh

@
@

My 40 =1

3 LEIP Cluster NVIDIA V100 GPUs, 32 GB onboard memory each

Yy

Output Layer (n, = 1):
1x128 Wh_440, 1x1 bh,4aa

Learning Rate

4.0x1073

3.5x107

3.0x107

2.5x107

2.0x107

1.5x1073

1.0x107

5.0x10™

0.0

Intel Xeon E5-2690v4 CPUs ( sharing 128 GB RAM)

O PyTorch

Setting Selection
Mhidden_layers 4
n, 128
cascading none

skip connections
skip weight scheme
activation function
weight initialization
optimizer
regularization (explicit)
batch size
training epochs

. triangular, cyclic,
learning rate schedule g y

loss function

dense, weighted

multiplicative, 1:2:4

LeakyReLU(0.1) in hidden layers 1-3, tanh in hidden layer 4

Xavier uniform

AdamW

Weight decay (1 — le-6, as implemented in AdamW)

1024
400

w/ exponentially decaying amplitude (see
parameters in Table 4.3)

MSE

" 1 N 1 " 1

0.0

5.0x10°

1.0x10°

1.5x10° 2.0x10° 2.5x10°

Training Iterations
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3. ANN convergence

Beryllium Metal NeTS GPU Training Convergence

1E+29
—— Loss
LEea> —— Mean Error
1E+21 —— Training Median Error
—— Std. Error
1E+17 ——— Min Error
—— Max Error 1 N
ke — Learning Rate MSE = _z 52
N . (yl yl)
1E+09 =1

1E+05

1E+01

1E-03

1E-07
1E+0 1E+1 1E+2 1E+3 1E+4 1E+5 1E+6

T T T rormg T T T T T T T o T T rrrrg T T T rrrg T T T oo T 1

Training Iteration

LEIP_LABORATORIES




NC STATE
UNIVERSITY

LEIP_LABORATORIES

4. Network Evaluation (Train/Valid/Test)

Beryllium NeTS Accuracy Metrics as a Function of Temperature [K]

3.0 +

Beryllium NeTS vs. FLASSH Percent Difference [100*(N-F)/F]
S(a.,B) vs. o for select B at 296 K

2 -
—— Train Min Error
2.5 —— Train Max Error f
—_ —— Train Mode Error I
X — Train Avg Error ;3 ‘
5 20- \ T
A 15- b=
= pa
§ 1.0 § - — 5.0272776 “‘\‘ |
o ~——0.1091104
——1.009271
0.5+ 2 2018542
I 4059682
00 m . 9860742
200 400 600 800 1000 1200 ST o T T
Temperature [K] o MAPE
Dataset Mean APD [%] Med. APD [%] Max APD [%)] < 2% [%] < 1% [%]
Train 0.1755 0.1574 3.0190 99.9959 99.8477
Validation 0.1775 0.1579 2.7552 99.9955 99.8139
Test 0.1770 0.1574 1.6474 100.000 99.7913
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5. ANN S(a,B,T) Prediction at 100 K, 296 K

NeTS vs. FLASSH Beryllium S(a,p) at 100 K

o
— 0.003052968-NeTS
— 0.01056254-NeTS
— 0.1028062-NeTS
— 1.000623-NeTS

— 10.43443-NeTS

— 88.47604-NeTS

—— 0.003052968-FLASSH
— 0.01056254-FLASSH
—— 0.1028062-FLASSH
—— 1.000623-FLASSH
—— 10.43443-FLASSH
—— 88.47604-FLASSH

0.1 1

10

S(a.p)

NeTS vs. FLASSH Beryllium S(a.,f3) at 296 K

0.01 4
1E-4 4
1E-6 4
1E-8 4
1E-10 4
1E-12 4

5

—

a
— 0.003052968-NeTS
—— 0.01056254-NeTS
—— 0.1028062-NeTS
—— 1.000623-NeTS
—— 10.43443-NeTS
—— 88.47604-NeTS

—— 0.003052968-FLASSH
— 0.01056254-FLASSH
—— 0.1028062-FLASSH
—— 1.000623-FLASSH
—— 10.43443-FLASSH

1E-14 -

—— 88.47604-FLASSH

0.1 1
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S(o.B)

5. ANN S(a,B,T) Prediction at 1200 K

NeTS vs. FLASSH Beryllium S(o,p) at 1200 K

o
0.003052968-NeTS
0.01056254-NeTS
0.1028062-NeTS
1.000623-NeTS
10.43443-NeTS
88.47604-NeTS

—— 0.003052968-FLASSH
—— 0.01056254-FLASSH
—— 0.1028062-FLASSH
—— 1.000623-FLASSH
—— 10.43443-FLASSH
—— 88.47604-FLASSH

44;\’\\\;\\
<

0.009
0.008 - -,
e .003-NeTS
0'007'. : . (003-FLASSH
3 [ ]
0.006 - .
o [ ]
2 0.005 w \
3 .
7 ¢ .°o
0.004 4 %o
° [ ]
[ ]
[ ]
[ ]
0.003 o ey !
e ©
LW °
8 3

0.1

Percent Difference (%)

Beryllium NeTS vs. FLASSH Percent Difference [100*(N-F)/F]

S(o,P) vs. B for select a at 1200 K

2
1 -
0 —
0.003052968
-1 4 001056254
0.1028062
1.000623
1043443
 88.47604
-2 T T T T
0.1 1 10
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Finally ... What's a NeTS Module

[0 Compact, accurate functional representations of TSL data
for a specific material over a given range of input

conditions
" a/p
B Temperature /NN " put \
B Porosity [ pa:rams. ] [ Zerloﬂ ]L feat}:lres J
B Burnup y
B Alloy % [ input.txt } { Trir;;ffzzzl:;leon { output.txt ]
B Pressure
\NeTS Module j

1 Functional
] Continuous
] Highly accurate

[0 Memory efficient
M Explicit vs. representative storage

LEIP_LABORATORIES
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Memory & Speed

O Addingitall up... Total: 280
B Bigimprovements
M Relative to 10+MB

205

0 Components
B NN parameters
B Zerop
B [nputfeatures
u

Inference Engine

10 10
. .

0 Cache memory utilization
m L1, L2
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NeTS- Beryllium One-Phonon Correction, S (a,p,T)

Beryllium Metal S(a.,)+Sp at 77 K

] —— 21
1E-10§§ —a
6—: : - -1.270
1E253 | 0.003076842 o6
3 | 0.0100794 10
= -4.234
3 | 0.1027278
1| 1.046987 -5.222
J | 1013419 -12 1 o
:E I 88.47603 T T T T T T T T T e
T B——— 08 -06 -04 -—02 00 02 04 06 08 7108
0.1 1 100 2156
R B -9.174
Beryllium Metal S(a.,B)+Sp at 77 K
1 -10.16
|]| .
-11.15
0.01 -1
-7
1E-4
@i o 3 |
= 3 ’
=N 9 1E-6 )V
"“ J/ —4
2K v B
=\ 1E89 | 0.1099636
~( ———1.017164 =N
E ) 2.006836 T T T T T T T T T
— E10 e ——— —  — -08 -06 -04 -02 00 02 04 06 08
0 1 2 3 4 5678910
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Areas for Development and Application

1. Transfer Learning : Warm-start network COF(BIE) versus B &t 296 K
training from a similar NeTS run | c

(implemented) 0 = e
——0.001 /
—0.01 /

2. Optimal Brain Damage : Reduce final
network size, increase network prediction

speed by selectively pruning neurons that /

don’t contribute to neural structure
(implemented) 00
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3. Include one-phonon correction and train
highly structure S(a,p3,T) surface (in-
progress) o1

o
o
1

4. Extend dimensionality : additional material
properties (i.e., porosity, burnup, pressure),
and new materials
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—— CDF(alb=-5|E=1eV, 296 K)|

5. Couple NeTS to reactor physics framework oz 4 s 80 2
(in-progress)
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Summary

[0 Producing first-of-a-kind NN
representations of trivariate TSL
data (NeTS)

Computational
Material Science

] Improvements

B Accuracy
B Memory consumption
M Speed implications

0 Many new possibilities
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Thank You
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