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Thermal Nuclear Reactor

LALLL BN AL B R R | vnnm' RELALLL BRI B L B Ll B AL B R L R |

— P 1 1.6x10° 2 Fission
235U TOta] Cross Section Unrcs:ﬂ\‘cd Rcs«;nancc h 2
1044 [— Neutron Spectrum Region %_
@ i Resolved Resonance E E — ]'2x]0'5 § l. E — N G ‘. ; l ; dl ;
o E : Region : : g f f
=] | i R —
K= 1 03 __:: 1 1 | High Energy N&
8 ] : s ; Region E
4 - ! ! ~4 8.0x10° ©
| | | =} . .
8 10 \ Lo = Thermalization
o Thermal Energy Region » : | : : 6 E
: ' | 4 4.0x10" 82 '
; | g o 1 |E
) et ) ]
b, = —
01 ; : | . = [6.,S(a,B)+0,.S,.(, B)]
: : o OQOF' 4rn \ E
et (0,0
A (angstrom) 1 1
10! 10° 10! 107 107 10 o . .
L L A S LA A S AL A A 1 6x10° S(a,ﬂ) :——J.el(/('l" a)t)G(r’t)drdt
- -1 1.6x i
Lattice Elasticand | | Free Atom CrOSS SeCtlon % kB T 27Z-h
Inelastic Scattering Bound Structure Cross Section ©
Neutron Flux g
@ 101 _ [ne:x::(‘:ehz:]léicc “‘\“‘ High Energy Region - 7 1 2X1 0-5 8
Nuclear Inelastic, >S5
g Nuclear Optical Non-Elastic, etc. (]
= Elastic Scattering Q
Q ~
)
b 4 8.0x10°® g
2] 2 k=
= e . 5
= © Graphite 5
= -1 4.0x10% <
= 10° 4 g
o, /
— AL BELELLLL BELELRLLL B AL BELELE AL LA BELELR L LR, B T T OO
3| _ _ _ ° °
3 10° 10° 10" 10' 10° Moderator microstructure dictates the

Energy (eV)

physics, operations, and safety of the reactor




LEIP LABORATORLES

LETP_LABORATORIES

FLASSH

LEIP LABORATORIES

Temperature Effects

Extinction Effects

Coherent Elastic

GuUI

Input module

*_l

Incoherent Elastic

Elastic Scattering
ENDF data format

Analyzing and

plotting format

Post processing
Cross section data

Inelastic Scattering

S(a,B)

Integrator
Cross section data

Y

Angular Binning

Non-cubic
incoherent inelastic

Y
Coherent

one-phonon -
correction

S(asp)

Liquid physics

Resonance
Absorption

Y
Post processing S{a,B) Broadening |-«

Qutput

formats

O Advanced features including
Temperature dependent phonon spectra

Oooooo

ENDF-6 and ACE

Coherent elastic scattering extinction effects
NeTS modules for key moderators

Improved liquid physics (addressing high viscosity liquids)

Enhanced Data formatting capabilities

Neural Thermal
Scattering (NeTS)

or

Inelastic under
incoherent
approximation

L

Direct Monte Carlo
Sampling

% Project Configuraton: Graphite

1/0 Options

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

[J Non-Cubic S(a, ) File Import
Liquid Physics No diffusive treatment v
Convolution Tolerance @)
€
Diffusive Parameters . @)
Elastic Output Coherent elastic v

O DBW Matrix
[ Combine Elastic

&
(2) Blestic Options (® Cubic approximation

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

Incident Energy (eV)

Number of Scattering Angles

Scattering Angles (%) (6]

a, B Grid Scaling Scale with T (grids are T-independent) v

LEIP_LABORATORIES

7 X
Calculation Configuration

Phonon Expansion Order  [425 [J Aply scT
Summed S(a, B) Sum to the specified phonon order v
Integral Type Numerical bt
Integral Tolerance (%) (001 @
Temperature Configuration

Number of T [z 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

a7

Free Atom iy, (b) of the Primary Scatterer

Number of Scatterers

o1 e




Graphite in ENDF/B-VIII.1
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Graphite in ENDF/B-VIII.1

= Five (5) variations of graphite in ENDF/B-VIII.1
= (all evaluated by LEIP group)

1. Crystalline graphite (incoherent approximation, 0% porosity)

2. Crystalline graphite (+Sd correction, 0% porosity)

3. Nuclear graphite (incoherent approximation, 10% porosity)

4. Nuclear graphite (incoherent approximation, 20% porosity)

5. Nuclear graphite (incoherent approximation, 30% porosity)
- Density (g/cm*3) Library
= | porosvon = (1-Gemem o 550
f 1.7-1.9 20% porous
n <1.7 30% porous
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TSL Validation Approach

O Experimental HOLISTIC approach
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TSL Validation Approac
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On a measurement approach to support evaluation of thermal scattering |
law data et

Ayman [. Hawari

Department of Nuclear Engineering, North Carolina State University, Raleigh, NC 27695, USA

ARTICLE INFO ABSTRACT
Article history: Inelastic thermal neutron scattering in materials that act as neutron moderators, reflectors, and filters
Received 31 January 2019 results in shaping the neutron spectrum at low energies. This phenomenon is described using differential

Received in revised form 13 July 2019

scattering cross sections calculated from three components including the bound atom (i.e., nuclear) scat-
Accepted 17 July 2019

tering cross section of the neutron, the ratio of the outgoing and incoming neutron energy, and the ther-
mal scattering law (TSL), ie., S(a,B), where o and p represent dimensionless momentum and energy
exchange variables, respectively. To date, no TSL libraries are generated using measured data.

:Z{mnargﬁ However, valuable information may be derived from measurements and “targeted” experiments that
Thermal scattering law can validate TSL data and the related inelastic scattering cross sections. As a demonstration, a suite of
Cross section coordinated measurements and experiments 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
ENDF 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.
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Transmission Measurement
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Slowing Down In Graphite
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FUND-ORELA-ACC-GRAPH-PNSDT-001
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ARTICLE

M) Ghack tor updates

A pseudo-material method for graphite with arbitrary porosities in Monte

Carlo criticality calculations

Shoichiro Okita(®?, Yasunobu Nagaya" and Yuji Fukaya®

Sector of Fast Reactor and Advanced Reactor Research and Development, Japan Atomic Energy Agency, Ibaraki, Japan; ®Nuclear Science

and Engineering Center, Japan Atamic Energy Agency, Ibaraki, Japan

ABSTRACT

ARTICLE HISTORY

The latest ENDF/B-VIIl library adapted new porosity-dependent cross-section data of graphite. Received 8 January 2021
However, the porosity of the actual graphite does not necessarily correspond to the porosity ~ Accepted 26 February 2021
given in the data. We have proposed a method to perform neutrenic calculations at the desired KEYWORDS

porosity on the basis of the pseudo-material method. We have also compared the kn values — rynes i graphite;
calculated by the pseudo-material method with the experimental values for the VHTRC. In P,,m,,y,,f,",,,,,den,(,,,“,
addition, we have investigated the temperature dependance of the calculation values obtained section data; vhitre; pseudo-
by this method. From these results, we have concluded that this method allows us to perform materfal method

the neutronic calculations in which we can reflect detailed information on the porosity of

graphite.

1. Introduction

In recent y
tor (HTGR) has attracted much interest as one of the
Generation [V nuclear reactor systems. One of the
notable features of the HTGR is that graphite is used
not only as a moderator but also as a structural mate-
| owing to its excellent thermal and mechanical
properties under the high temperature environment.
A large amount of graphite is placed in the HTGR core
so that the neutrons are sufficiently moderated
Therefore, the accuracy of neutronic calculation of
the HTGR is highly dependent on the nuclear data of

s, the high temperature gas-cooled reac-

graphite. Especially, the thermal scattering law (TSL)
data of graphite, which impacts the neutron energy
spectrum, is fundamental to the detailed design and
nalysis of the HTGR. In JENDL-4.0 [1], the TSL
data of graphite is evaluated on the basis of the tradi-
tional evaluation model of Young and Koppel [2]. On
the other hand, the latest ENDF/B-VIILO library
adopted new TSL data of graphite [3]. It has the TSL
data that depends on the porosities of graphite: crys-
talline graphite (i.e. graphite with a porosity of 0%),
reactor graphite with a porosity of 10% 3
graphite with a porosity of 30%. This is expected to
result in more accurate neutronic calculations than
before.

However, the actual graphite does not necessarily
correspond to these porosities in the new TSL data.
For instance, the density and porosity for some major
graphite are shown in Table 1 [4-7], where the theo-
retical density of graphite is 2.25 g/em’ [8]. These
values are neither 10% nor 30%. Currently, we can

core

d reactor

only handle neutronic calculations for three porosities
of 0%, 10%, and 30%. In neutronic calculations for the
cores containing graphite with other than the poros-
ities mentioned above, the nearest TSL data will be
selected for use. From the viewpoint of HTGR
designers, it is desirable to be able to perform neutro-
nic calculations using graphite with any porosity. Such
calculations can eliminate the uncertainties associated
with the difference between the porosity of actual
graphite and the porasity given in the calculation
input.

The purpose of this study is to propose a practical
methad for performing
tions reflecting detailed information on the porosity
of graphite. The proposed method allows us to per-
form neutronic calculations at any porosities between
0% and 30%. Using the Very High Temperature
Reactor Critical Assembly (VHTRC) [9], eriticality
calculation results based an the proposed method are
also described making comparisons with experimental
results

curate neutronic calcula-

2. Methodology

The pseudo-material method is applied to a material
containing graphite to perform neutronic calculations
with the specified porosity. The pseudo-material
method was originally developed by Conlin et al. in
order to reduce the cross-section data for the huge
temperature points [10]. In this method, a pseudo-
material is defined such that a material at a certain

CONTACT Shoichiro Okita, €) okitashoichiromjeeago,jp, ) Sector of Fast Reactor and Advanced Reactor Research and Development, Japan Atomic

Energy Agency, Ibaraki, Japan.

2021 Atomic Energy Society of Japan. All rights reserved
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VHTRC-GCR-EXP-001 - Reproduced
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Nuclear Graphite — Much Improved!
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What Else?




SANS Observations

= SANS contributions, based on data from the reference below,
have a negligible impact on the total cross section and do not
| modify neutron thermalization in a reactor.
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Ref. 2 - Petriw, et.al., “Porosity effects on the neutron total cross section of graphite”



Graphite Density

= ORELA and PROTEUS with porous nuclear graphite density (i.e. use 1.6-1.7 g/cm?3)

Self-consistent phonon DOS and density

Average Energy [eV]
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Graphite Density

= ORELA and PROTEUS without historical density approximation (i.e. use 2.25 g/cm3)

Self-consistent phonon DOS and density

Average Energy [eV]
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Radiation Damage
Interplanar Di-vacancy Defect

Observed in the MD system following
cascade sequence. MD is predictive in this
sense because no a-priori assumptions are
necessary regarding the defect structure.

n Scattering Cr
Classical Molecular Dynamics Simulations

by
Brian Douglas Hehr

Static ab-initio, on the other hand, requires
some initial guess that is then subject to
optimization.

APPROVED BY

Dr. Ayman 1. Hawari, Dr. Mohamed A. Bourham
. 0

Dr. Bemard W. Wehring Dr. Albert R Young

Development of the Thermal Neutron S Cross Sections of Graphitic Systems using

LEIP LABORATORLES

R.H. Telling, C.P EWG]S, A A. El-Barbary and LEIP MD analysis
M.I. Heggie. Nature Materials. 2,333 (2003).
(ab-initio)




Radiation Damage
Interplanar Crosslinking

With increasing cascade
buildup, the basal planes of
graphite cross-link.

- Individual point defects
become less
distinguishable
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Effect of Temperature
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