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FY 2024 Tasks

ND2 Generation and Benchmarking of Thermal Neutron
Scattering Cross Sections in Support of Advanced
Nuclear Reactor Concepts

ND5 Development and Implementation of a Modern Doppler

Broadening Approach Including Atomic Binding Effects

ND10 Development and Implementation of Machine Learning
Methods for Thermal Scattering Law Evaluations
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APPENDIX B: Nuclear Data Priorities, Basis Statements, and Milestones

FY 24
5Year

Execution
Plan

Nuclear Data Evaluations

Materials

Pre- Post-
FY2024 FY2024 FY2025 FY2026 FY2027 FY2028 FY2028

Paraftin (CoHzs+2)

LLNL/NCSU|LLNL/NCSU

TSL evaluation. A common moderator and moderating reflector material for which there are

Basis numerous critical benchmarks in the ICSBEP Handbook. A thermal scattering law for paraffin
will improve simulations through higher fidelity and reduce uncertainties.
Plutonium Oxide (PuO:) | LLNL/NCSU|LLNL/NCSU| | | | |
TSL evaluation. A common fissile compound for which there are critical experiments in the
Basis ICSBEP Handbook. A thermal scattering law for PuO2 will improve Doppler broadening
using advanced methods currently under development as LLNL ND12.
Light Paraffinic Ol LINL/NCSU|LINL/NCSU | LLNL/NCSU
(Mineral O1l)
TSL evaluation. Mineral o1l and other light paratfinic oils are moderators often found n
Basis fissile handling areas (FHAs). A thermal scattering law for light paraftinic oils would reduce

excessing margins in nuclear criticality safety evaluations for fissile handling areas
containing this class of moderator. TSL requested by NNL.

Uranium Silicide (U3S12)

| LLNL/NCSU|LLNL/NCSU | LLNL/NCSU| | \

Basis

TSL evaluation. A common fissile compound in use in advanced nuclear reactor fuel. A
thermal scattering law for UsS12 will improve Doppler broadening using advanced methods
currently under development as LLNL ND12.

Five Year Execution Plan
for

on and Vision

d States Department of Energy
Nuclear Criticality Safety Program
September 2024, Revision 3

FY 2024 through FY 2028
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APPENDIX B: Nuclear Data Priorities, Basis Statements, and Milestones

Nuclear Data Evaluations

, . Pre- Post-
Materials FY2024 FY2024 FY2025 FY2026 FY2027 FY2028 FY2028
Paraffin{(CaHpe2) LLNL/NCSU|LLNL/NCSU

Five Year Execution Plan

FY 24 }& TSL evaluation. A common moderator and moderating reflector material for which there are
Basis

5Year numerous critical benchmarks in the ICSBEP Handbook. A thermal scattering law for paraffin ort i Viion
Execution will improve simulations through higher fidelity and reduce uncertainties. ofhe _‘ B
Plutoniux@ O}Si_de (Pqu) LLNL[N(_‘SU‘LLN’L[NCSU‘ ‘ ‘ ‘ ‘ United Sl:‘n}} [)gp;ll'}]l]gl]l of Energy
Plan TSL evaluation. A common fissile compound for which there are critical experiments in the 1 celily Satcly Program
Basis ICSBEP Handbook. A thermal scattering law for PuO: will improve Doppler broadening T il
using advanced methods currently under development as LLNL ND12. S R
Light Paraffinic Ol LINL/NCSU|LINL/NCSU | LLNL/NCSU
(Mineral O1l)

fissile handling areas (FHAs). A thermal scattering law for light paraftinic oils would reduce
excessing margins in nuclear criticality safety evaluations for fissile handling areas

X \

containing this class of moderator. TSL requested by NNL. —_—
Uranium Silicide (UsSiz) | LLNL/NCSU|LLNL/NCSU | LLNL/NCSU| | \

TSL evaluation. A common fissile compound in use in advanced nuclear reactor fuel. A (@ ENERGY
Basis l/ thermal scattering law for UsS12 will improve Doppler broadening using advanced methods
currently under development as LLNL ND12.

/ TSL evaluation. Mineral o1l and other light paratfinic oils are moderators often found n
Basis

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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H3 He H10 H14
Hz H7 H11 H15

H1

H5 Hg H13 H16
H4 Hs H1z H18

H1
2 T T T T
10° - - - 30 1074
: ! —— H in paraffin wax (This work) ! ! !
PuO, Total Cross Section vs. Transmission Data H in polyetheylene (ENDF/B-VI11.0) =
25 4 = N
] .
kel A\ —
1E+3 E
s S 1 1 ;i
P :
5 g g, 8
3] 8 107 E ! ]
o
& M 8 £
3 S 1o ] £
8 S 5] 296 K
8E+2 @ —— 500 K
54 1 % — 800K
L — 1200 K
Total Thermal Scattering + Absorption| 0+ . . r 1800 K
: = Transmission (Panelnden 1955) , : : *I 10t ; T ) T ; T N T N ,D 0.0 0.1 0.2 0.3 0.4 . . . . .
10° 10° 10° 10° 10° 10 - _ _ -
0.02 0.03 0.04 005 006 007 Energy (eV) Energy (eV) 1074 1073 1072 107" 10°
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Y Plutonium dioxide 7'\ Paraffin Paraffinic oil Uranium Silicide
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ND2 - Benchmarks

Average Energy [eV] T T T T T T T T T T
50000 19m|| . ‘Jmm - D”“lm” ‘D.‘Ol ~ LoIS | — ENDF/B-VIILI + ENDF/B-VIIL1 20% Porous Nuclear Graphite (NCSU Evaluation) ]
LE:LE:‘:N 1 "C & VG + ENDF/B-VIIL1 TSL (30% porosity graphite) E 1.010 - frpmene |
40000 | g
3
£ 2 1005 | i
2 30000 = o
(.3 i —— " .
% 20000 % o g.___T_,_/\\V"//“'Q‘\'/_...
10000 | § 0993 \\-/_
E 0.990 4
0 T L 1 z
107 10% 10°% 10+ 10 10%?
Time ] O I
1 2 3 4 5 6 7 8 9 10
Case
. Meal? A!Jsolute C-E (pcm)
Cross Sections Deviation (%) ]
Case |Benchmark| ENDF/B-VIILO| C-E |ENDF/B-VIIL.L| C-E | ENDF/B-VIIL1 | C-E ENDF/B-VIIL.0 + Cry 4.14% Case Crystalline  20% Nuclear
No HF TSL | (pcm) o (pcm) o (pcm) : ) 1 235 204
No HF TSL HF TSL ENDF/B-VIII.1 + Cry 4.09% ) 303 137
1 2 @-1) 3 (3-1) 4 (4-1) | 0
1 | 10000 | 1.03604 | 3604 | 102298 | 2298 | 1.01614 | 1614 ENDF/B-VIII. 1+S, 5.01% 3 230 188
2 | 1.0000 1.02641 | 2641 | 1.01417 | 1417 1.00344 344 ENDF/B-VIII.1+30% 1.68% 4 57 322
3 | 10012 | 1.02466 | 2346 | 1.01217 | 1097 | 0.99967 -153 5 707 146
4 | 1.0018 | 1.02899 | 2719 | 1.01582 | 1402 1.00231 51 6 258 12
5 | 1.0018 | 1.04124 | 3944 | 1.02719 | 2539 1.01225 | 1045 e 3 7 83 91
6 | 10025 | 102502 | 2342 | 101116 | 866 | 0.99702 | -548 De nsity = 1.66 g/ cm g 244 o5
Porosity = 30% 9 782 385
HEU-SOL-THERM-039 10 529 247
HF
( ) FUND-ORELA-ACC-GRAPH-PNSDT-001

Density =1.7 g/cm?
Porosity = 20-30%

PROTEUS-GCR-EXP-001 to -004
(Nuclear Graphite)

(Nuclear Graphite)
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ND2 - Benchmarks

1-010 T T T T T T T T T T T T T 1-004
1.014 - c
| Temp =25.5 1.008 -
1.002- _
1.0121 Temp=71.2C | Temp =100.9C
1.006 - ]
_----® { _1.000+ .
5 1.010- o 1 5 1.004- . | 3 n
.- . -®
1 008 P 1002 e | 09981 e
V- - _ -
10001 ._ -~ 1 0.996 =T :
1.006 - ® _ o
T T T T T T T 0.998 T T T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 0O 5 10 15 20 25 30 0 5 10 15 20 25 30
Porosity Porosity Porosity
- -o- - ENDF/B-VIII.1
m  Measurement 0994 09869
Benchmark Temp =150.5C Tempi=199.6.C Density = 1.67 g/cm3
0.992 - 0.984 : .
Porosity = 30%
. % 0.990 . % 0.982 n
In all figures < ol
O porosity is 0.988 - UUPEL LA 1 o980l I ® | Porosity(%) = (1 —W) x 100%
. o ____.--"" ideal
Crystalline oss '
graphite e oer8y
0O 5 10 15 20 25 30 0 5 10 15 20 25 30
Porosity Porosity

VHTRC-GCR-EXP-001
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ND5 - Advanced Methods

Input module / GUI

Material Data Non-cubic inc. inelastic

Coherent Elastic

!

I Coherent one-phonon | g

* + correction

Elastic Scattering

i i < Sa,
ENDF data format Inelastic Scattering + (@ ff)

Incoherent Elastic

¥ Liquid physics 1

Integrator
Cross section data

Analyzing and plotting

A 4 *

Angular Binning

Resonance Absorption
Post Processing

Cross section data I l

S(a,ff) Broadeni <

Post Processing

Output Standard ENDF format

format

O Advanced features including

Oooooao

Temperature dependent phonon spectra
Coherent elastic scattering extinction effects
NeTS modules for key moderators

( Feedforward Artificial Neural Networks )

Neural Thermal Scattering (NeTS)

or

( Traditional Calculation )

Phonon Expansion Method,
Incoherent Approximation

Improved liquid physics (addressing high viscosity liquids)

Enhanced Data formatting capabilities

#%" Project Configuraton: Graphite

1/0O Options.

S(a, B) Source Calculate S(a, B), elastic &inelastic cross sections v

[ Non-Cubic S(a, ) File Import
Liquid Physics No diffusive treatment v
Convolution Tolerance @)
c
Diffusive Parameters @
d
Elastic Output Coherent elastic v
O DBW Matrix

[ Combine Elastic

(2) Elastic Options ® Cubic approximation

a, B Grid Automatic v
Energy Grid Automatic v
Print Resolution a, B gridding resolution v
Asymmetric S(a, B) Do not print v
Differential Cross Section |Do not print v

Incident Energy (eV)

Number of Scattering Angles

Scattering Angles (°) @
a, B Grid Scaling Scale with T (grids are T-independent) o7

?
Calculation Configuration
Phonon Expansion Order  [425 \| [ Apply scT
Summed S(a, B) Sum to the specified phonon order v
Integral Type Numerical v
Integral Tolerance (%) [0:01 |

Temperature Configuration

Number of T [t O

Dependent DOS

Temperatures (K): 296

Primary Scatterer Data

ENDF TSL Library MAT =
Mass (amu) of the Primary Scatterer

Free Atom Oy (b) of the Primary Scatterer

= ]
|12.0010952
4.73918|

Free Atom Oy, (b) of the Primary Scatterer

Number of Scatterers

[1 (©)]

o[ o
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Publications

10.

11.
12.

13.

E. Lee, N. C. Fleming, A. I. Hawari, “Benchmark of Neutron Thermalization in Graphite Using the Slowing-Down-Time ORELA Experiment,” FUND-
ORELA-ACC-GRAPH-PNSDT-001, ICSBEP handbook, 2023-2024.

T. Ahmed, N. C. Fleming, A. I. Hawari, “Development of Thermal Scattering Law and Cross Sections of Hydrogen in Paraffin Wax,” PHYSOR 2024,
San Francisco, California, USA, 2024.

J. P. W. Crozier, A. I. Hawari, “Embedding Neural Thermal Scattering (NeTS) Modules in SERPENT for Higher Fidelity Advanced Reactor Analysis,”
PHYSOR 2024, San Francisco, California, USA, 2024.

B. K. Laramee, N. C. Fleming, ]J. P. W. Crozier, A. I. Hawari, “Generation of Enrichment-Dependent Thermal Neutron Scattering Data,” PHYSOR
2024, San Francisco, California, USA, 2024.

J. Gil, A. I. Hawari, “Evaluation of Thermal Scattering Law for U3Si2 Using Temperature-Dependent Phonon Density of States,” PHYSOR 2024, San
Francisco, California, USA, 2024.

J. P. Crozier, A. 1. Hawari, “Phonon-informed Neural Thermal Scattering (NeTS) Optimization for Crystalline Graphite and Beryllium Metal,”
Transactions of the American Nuclear Society, 129, 2023.

J. Gil, A. I. Hawari, “Evaluation of Thermal Neutron Scattering Cross Section of Uranium Silicide with Ab Initio Lattice Dynamics,” Transactions of
the American Nuclear Society, 129, 2023.

T. Ahmed, B. K. Laramee, A. I. Hawari, ..., “Thermal Scattering Law Data Development for Paraffin Wax,” Transactions of the American Nuclear
Society, 129, 2023.

J.P.W. Crozier, A. I. Hawari, “Phonon-Informed Neural Thermal Scattering (NeTS) Optimization for Crystalline Graphite and Beryllium Metal,”
Transactions of the American Nuclear Society, 128, 2023.

]J. Gil, A. I. Hawari, “Evaluation of Thermal Neutron Scattering Cross Section of Uranium Silicide with Ab Initio Lattice Dynamics,” Transactions of
the American Nuclear Society, 129, 2023.

G. Nobre et al., “ENDF/B-VIIIL.1: Updated Nuclear Reaction Data Library for Science and Applications,” Nuclear Data Sheets. (submitted)

T. Ahmed, N. C. Fleming, A. I. Hawari, “Evaluation of Thermal Scattering Law and Cross Sections for Liquid Hydrogen Fluoride,” Annals of Nuclear
Energy. (submitted)

J. Gil, A. 1. Hawari, “Evaluation of the Thermal Scattering Law and Cross Sections for a-U308 Using Ab Initio Lattice Dynamics,” Annals of Nuclear
Energy. (submitted)

FY 2025 several papers are intended for ND 2025, ANS Transactions, and others are in preparation for journal submissions
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Summary

[0 Meeting and exceeding all NCSP ND2 objectives

= Significant number of evaluations contributed to ENDF/B-VIII.1
* Benchmarks implemented for various evaluations
= Advanced atomisitic methods under development and testing

[0 Innovative methods (ND5 and ND10 tasks) significant
progress including

= Integration of advanced features into FLASSH code

= ML TSL approach integration into FLASSH and Serpent MC code.
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TSL Background
1996-present
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INSTRUMENTS
&METHODS
IN PHYSICS

RESEARCH
Secton A

Graphite
Slowing-Down-Time
Spectrometer

ELSEVIER Nuclear Instruments and Methods in Physics Research A 422 (1999) 846-851

Feasability of using a graphite slowing-down-time spectrometer in
the nondestructive assay of nuclear materials

Ayman Ibrahim Hawari*, Bernard W. Wehring, Horia R. Radulescu,
Naeem M. Abdurrahman

Nuclear Engineering Teaching Laboratory, The University of Texas ar Austin, PRC Building 159, Austin, TX

Abstract

A slowing-down-time spectrometer (SDTS). constructed for the study of nondestructive assay of fissile nuclear
materials, is in its early stages of operation at the Nuclear
Austin. The spec s made of a 101 x 105x 122 cm llelepiped and is based on injecting
pulses of 14 MeV neutrons into the pile. The neutron source is a Texas Nuclear Corporation neutron generator that
produces neutrons via the D-T reaction. Measurements and calculations have been conducted to study the time behavior
of the neutrons and the assay capabilitics of this spectrometer. A *He detector covered with 0.8 mm of Cd was used to
perform neutron die measurements in the graphite. A *He detector was used to perform an assay of a fuel pin

aining 13% by mass ***Pu. The calculations were made using the MCNP4B code. and a realistic 3-D mock-up of
periment. Good agreement is found to exist between the measured time spectra and the ones predicted from the
calculations. This included the experimental observation of a predicted rapid fall-off in the dic-away spectrum due to
the existence of the cadmium cover. Therefore, the time—en coupling that is expected to hold in a SDTS is
experimentally verified. In addition, the calculations and the measurements indicate that the interrogation of fissile
materials is possible using a graphite SDTS. This is ¢ in the measured and calculated time signatures for the **°Pu
sample, which include structure that reflects the two resonance groups and the 0.3 ¢V resonance peak observed in the
239Pu fission cross section. 1999 Published by Elsevier Science B.V. All rights reserved.

ome

|07 L MR AT L Lol Ll n L1111

*  Measured Data
—— MCNP Data

Time signature of fuel pin
UO, and PuO,

(75% by mass 238U,

13% 23°Pu and 12% oxygen)

Keywords: Slowing-down-time spectrometer (SDTS): Nuclear materials: Neutron pulse

1. Introduction Initially, it was introduced as a device that can be

used in the measurement of the neutron capture
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The slowing-down-time spectrometer is a device
that utilizes the time and energy behaviour of
a burst of neutrons injected into a moderating pile.

*Corresponding author.

and fission cross sections of a sample contained in
the pile [1]. In later years, the slowing-down-time
spectrometer was studied as a possible tool for the
nondestructive assay of nuclear materials [2-5]. In
addition, it was applied in studies that aimed at
benchmarking neutron transport codes and data
libraries, particularly, in the low-energy range

0168-9002/99/S — see front matter 1999 Published by Elsevier Science B.V. All rights reserved.

PIl: SO168-9002(98)01122-X

Normalized Count Rate (cps/source count)

10° 4

=
I

10

Time (s)
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ELSEVIER Nuclear Instruments and Methods in Physics Research A 422 (1999) 846-851

Feasability of using a graphite slowing-down-time spectrometer in
the nondestructive assay of nuclear materials

Ayman Ibrahim Hawari*, Bernard W. Wehring, Horia R. Radulescu,
Naeem M. Abdurrahman

Nuclear Engineering Teaching Laboratory, The University of Texas ar Austin, PRC Building 159, Austin, TX

Abstract

A slowing-down-time spectrometer (SDTS). constructed for the study of nondestructive assay of fissile nuclear

llelepiped and is based on injecting
pulses of 14 MeV neutrons into the pile. The neutron source is a Texas Nuclear Corporation neutron generator that Energy (eV)
produces neutrons via the D-T reactio I\Iv:hufcmc-n.hJnd «.uluul‘:lm-m ].1.1-\‘0 hcx.'n ut\.xrdm_lcd (ﬂ.sllll‘_\ thc‘lum" hch«f\lﬂl 108 102 10t 100 101
of this spectrometer. A *He detector covered with 0.8 mm of Cd was used to
aphite. A *He detector was used to perform an assay of a fuel pin
the MCNP4B code. and a realistic 3-D mock-up of
1sured time spectra and the ones predicted from the . Measured Data|

meneeaa | Time signature of fuel pin
LI U0, and PuO,

il (75% by mass 238U,

13% 23°Pu and 12% oxygen)

of the neutrons and the assay capabiliti
perform neutron die measurements in the g
containing 13% by mass **’P
the experiment. Good agreement is found to exist between the m
calculations. This included the experimental observation of a predicted rapid fall-off in the dic-away spectrum due to
the existence of the cadmium cover. Therefore, the time—en: coupling that is expected to hold in a SDTS is
experimentally verified. In addition, the calculations and the measurements indicate that the interrogation of fissile
materials is possible usir graphite SDTS. This is ¢ in the measured and calculated time signatures for the **°Pu
sample, which include structure that reflects the two resonance groups and the 0.3 ¢V resonance peak observed in the
*39Pu fission cross section. 1999 Published by Elsevier Science B.V. All rights reserved.

u. The calculations were made usir

Keywords: Slowing-down-time spectrometer (SDTS): Nuclear materials: Neutron pulse

108

1. Introduction Initially, it was introduced as a device that can be
used in the measurement of the neutron capture

The slowing-down-time spectrometer is a device and fission cross sections of a sample contained in
that utilizes the time and energy behaviour of the pile [1]. In later years, the slowing-down-time
a burst of neutrons injected into a moderating pile. spectrometer was studied as a possible tool for the
nondestructive assay of nuclear materials [2-5]. In

addition, it was applied in studies that aimed at

—_— benchmarking neutron transport codes and data
*Corresponding author. libraries, particularly, in the low-energy range

Normalized Count Rate (cps/source count)

0168-9002/99/S — see front matter « 1999 Published by Elsevier Science B.V. All rights reserved.
PIl: SO168-9002(98)01122-X
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Graphite — What's the Problem?

CONF-BB0911=-23 Table II
. . OEES 00362%
O Graphite reactor behavior Calculated Values of k-effective
.. . Ficiqife
O Criticality 533!;5555 THE BFFECT OF CARSON CRYSTAL BTROCILRE o ,
O Fission rates 5; E EEE E’ EEE% THEAT BEACTOR PHYSICS CALCTLATICNS Calculational Description k-effective
0 Feedback Eiﬁgfhf Loading 1341 100% Graphite 0.9724 + 0.0021
B i:-ﬁiiﬁ Loading 1341 59% Graphite 0.9921 + 0.0012
HHER
§ Eﬁgijgsg% 8. W, Bvacam w0d . 3. Sacciom Loading 1343 100% Graphite 0.9707 + 0.0024
I
:gh ;;}E tdshe Fills, o e3403-2528 Loading 1343 59% Graphite 0.9922 + 0.0017
14 l F (208) 5367187
H ii’ig
,iigigaéi
) . E”i Eigié Table IIT
O Solution (approximate) abtiliital
: : ion Density Rati
O Assume crystalline (ideal) Wclesr ey Frogan: wiar oo S cuiculated Fesion banstty >
graphite structure (i.e., ideal Ccaleulational caleulated Calc.-Exp.
S(a, B), but use “nuclear Description Pission Density Ratio EXp.
graphite” density (1.6-1.8
g/cm3) mbmitted to: 100% Graphite 43.2 + 1.4 +6.9%
1965 Tnternational fesctor Mysics Confarence 59% Graphite 39.4 + 1.2 ~2.5%

1B-21 September 1388

O Mix crystalline graphite and
free atom libraries to improve
results.
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Cross Section (b)

102

—
Q

-
o
o

1000 K

A BNL-325 (300 K)
A BNL-325 (478 K)
A BNL-325 (720 K)
A BNL-325 (1020 K)

—— ENDF/B-VII.1 Crystalline Graphite (296 K)

—— ENDF/B-VIII.1 Crystalline Graphite (500 K)
ENDF/B-VIII.1 Crystalline Graphite (700 K)

—— ENDF/B-VIII.1 Crystalline Graphite (1000 K)

10

1073

10
Energy (eV)

10"

10°
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TSL — Modern History (2000-2012)
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U.S. DEPARTMENT OF ENERGY
NUCLEAR ENERGY RESEARCH INITIATIVE

ABSTRACT
PIL: Ayman L. Hawari, Ph. D. Proposal N
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 coefficients. 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 mal 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. ). will be regenerated using basic input data and

__modern computational methods,. Using these new sets of S(a,), 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_graphite is tl rator in various Generati ncepts, 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
Accelerator(QRELA) facility. and will be performed to obtain the integral time dependent reaction rate of
aneutron 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(ct,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.

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

Latest presented at CSEWG 2024
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Current calculations of the inelastic thermal neutron scattering cross sections of graphite are based
on representing the material using ideal single crystal models. However, the density of reactor-grade
graphite is usually in the range of 1.5 g/em? to appraximately 1.8 g/em®, while ideal graphite . 5
is characterized by a density of nearly 2.25 g/em’. This di s manifested as On a measurement approach to support evaluation of thermal scattering | g
'C 276957090, USA a significant fraction of porosity in the structure of reactor-grade graphite. To account for the Ghash e
orosity; alfsct ou thie'croms seckions; dassical molecalir dynamics. (MD) teckmiqics were eaployed law data s

to simulate graphite structures with porosity concentrations of 10% and 30%, which are taken to

[
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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
e generated as the power spectrum of the MD velocity autocorrelation functions, The analysis

aled that for porous graphite the phonon density of states exhibit a rise in the lower frequency

simulations has been formulated to calculate the scattering law, S(x w), and the thermal neutron
ple, these atomistic methods make it possible to

scattering cross sections of materials. In prin

generate the inelastic thermal neutron seattering cross sections of any material and to accurately region that is relevant to neutron thermalization. Using the generated phonon density of states, th

refleck the physical conditions of the medimm (L, Vemperatire, pressiiss; etc.). T addition, the inclastic thermal neutron seattering cross scctions were calculated using the NJOY code system. N TELE BN RS ALEE

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 Aricie history: Inelastic thermal neutron scattering in materials that act as neutron moderators, reflectors, and filters

and measured data Recelved 31 January 2019
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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), ie.. (o). where x and 3 represent dimensionless momentum and energy
exchange variables, respectively. To date, no TSL libraries are generated using measured data.
However, valuable information may be derived from measurements and “targeted” experiments that
el eatisciig e can validate TSL data and the related inelastic scattering cross sections. As a demonstration, a suite of
Cioss sectlon and is described that was designed and used to support the eval-
Measurement uation of the TSL for “nuclear” graphite. This experimental suite includes neutron powder diffraction (for
F 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

of “nuclear” graphite in the ENDF/B-VIILO nuclear data library release.
© 2019 Elsevier Ltd. All rights reserved.

neutron scattering data libraries have been generated for a variety of materials. Among these are
materials used for reactor moderators and reflectors such as reactor-grade graphite and beryllium
(including the coherent inelastic tering component), silicon carbide, cold neutron media such
as solid methane, and neutron beam filters such as sapphire and bismuth. Consequently, it is
h will play a major role in providing the nuclear science and

I. INTRODUCTION

anticipated that the above approa
engineering community with its needs of thermal neutron scattering data especially when considering
new materials where experimental information may be scarce or nonexistent what is known as S(a,3) libraries to describe nentron
thermalization. valuations are based on repre-
senting the material using ideal single crystal models [1]
Furthermore, the libraries are generated within the inc
herent approximation of thermal neutron scattering the-
. Past work showed that this approach introduced no-
ticeable inaccuracies in the generated cross sections rela-
tive to measured data [2]. While the deficiencies due to
the incoherent approximation were remedied by account-
ing for coherent inelastic scattering, it rema
that the discrepancies between the measured cross sec-

Keywords
Neutron

Traditionally, ENDF/B graphite evaluations provide

where S(% ) is known as the scattering law, % is the
ttering vector, w is the frequency, k and k' represent
the magnitude of the wave vector of the incident and
cattered neutron respectively, ., is the bound atom
ent scattering cross section, and o,,, is the bound

I. INTRODUCTION

Low energy or “thermal” neutrons are characterized
by energies that are on the order of the excitation (vi-
bration, rotation etc.) energy in the medium in which
they interact. Furthermore, their de Broglie wavelength  atom incoherent scattering cross section. In general, S is
is on the order of the separation distance in solids composed of two terms as follows
quently, such neutrons are highly sensitized to the atomic

or,
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binding details of the system that swrrounds them in- S (T ) =5 (; S (: ) @) tions for reactor-grade graphite and the estimates based 0.246 nm
cluding its structure and dynamics. In fact, the struc- ' " " » ? ' 2 on ids single crystal models require a review of the 1. Introduction the double differential thermal scattering cross section. This for-
tural and dynamic properties of the atomic system are 5 atomisitic models from which these estimates were de- mulation is derived using the first Born approximation of scatter-

sampled through scattering interactions between the

tem’s atoms and molecules and the neutrons. The scat-

Vs~

tering of low energy neutrons in an atomic system is gen-
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) nuclear potential [1]. The out-
come of this approach, is an expression for the double

z

differential scattering cross section given by

a 1 L"(
27 = = (oo
ddE ~ ax k \7

* Corresponding author: ayman. hawari@nesu.edu
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0090-3752/2014 Published by Elsevier B.V

where S, is known as the self-scattering law. which ac-
counts for non-interference (incoherent) effects, while Sy
is the distinet scattering law and accounts for interfer-
ence (coherent) effects. Examination of Eq ws 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,
ctor that represents the dynamics of the scattering
system (i.
the scattering law.

Frequently, the calculations of the thermal scattering
cross section invoke the incoherent approximation where
zero in Eq Based on this assumption,
Eq. 1is developed to give (e.g., see Ref. [2])

the collection of atoms) as represented by

S, is set equal to

&2 1k s
7= = 2= [Ocoh + Gincoh] S (%) )

I00E " E | !

However, for some important neutronic materials such as

graphite and beryllium, this assumption can introduce

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 (i.e., between
the carbon sheets) is of the weak Van der Waals type.
The planes are stacked in an “ABAB” sequence. Fig. 1
shows a representation of ideal crystalline graphite.

Alternatively, reactor-grade graphite represents i

Corresponding author: ayman. hawariGnesu.edu

hitp:/dx.doi.org/10.1016/j.nds.2014.04.030

0090-3752/2014 Published by Elsevier B.V

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

multi-phase material where graphite ideal crystals as
embedded in a carbon binder matrix. Most strikingly,
the density of reactor-grade graphite is usually in the
range of 1.5 g/em® to approximately 1.8 g/cm®, while
ideal graphi cterized by a density of nearly 5
g/em®. This difference in density is manife
ant fraction of porosity in the structure of reactor-grade

e is cha

ted as a si

ic
graphite. However, this structural feature of graphite is
not captured in the process of generating the inelastic
thermal neutron scattering cross sections.

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 (Brown, 2018).

In general, the formulation that would be the subject of the
process from the fundamental eq for
E-mail address: ayman hawari@ncsu.edu
https: //doi.org/10.1016/j.anucene.2019.106940

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

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'o 1 X
GOdE ~ kT VE TeonS(2 ) + GincSs (2, )] (1
(e, B) = Sil 2, B) + Sa(t, B). @

where, S(2.f) is the thermal scattering law, S{x f) is the self scat-
tering law, Sq(a #) is the distinct scattering law,  and § are dimen-
sionless momentum and energy exchange variables, o.u 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, € 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 give
initial location in the atomic system with its location at time t. S is
related to the Fourier transform in space and time of the density
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TSL — Modern History (2000-2012)
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Graphite - Still a Problem!
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Graphite — Much Improved!
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Graphite Density

= ORELA and PROTEUS without historical density approximation (2.25 g/cm3)
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Graphite ENDF Evaluation

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

0 MT=2 block holds the coherent elastic scattering component

O MT=4 S(uo,f) block accounts for either ideal crystalline or porous
(nuclear) graphite through the use of the appropriate graphite phonon
DOS
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O Everything developed for graphite applies to all other materials

O Atomistic simulation methods (AILD and MD)

0 Continue to evolve

O Enabled ML ' N S
[0 Advanced TSL evaluation methods
0 FLASSH
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O Holistic experimental/measurement approach ;=
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Thank You
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