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Outline

MCNP6.3 Overview
Deimos Project

Unstructured Mesh and HDF5

Unstructured Mesh Overview

Aside: HDF5

Demo UM to HDF5 and Visualization in Paraview
Fission Matrix for Criticality Calculations

Fission Matrix Overview

Fission Matrix Interrogation

Demo Fission Matrix Calculation and Visualization
New Tally Features

FMESH Upgrades and HDF5+XDMF

Special Tally Treatments for Multigroup Cross Sections

Demo FMESH and Multigroup Cross Section Calculations

MCNP Exercise for Nuclear Criticality Safety
Future Work and Q&A
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MCNP6.3 Overview
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MCNP6.3 Release

I For the most up-to-date details on the latest release, see the Latest
Release (https://mcnp.lanl.gov/release 630.html) tab on the MCNP
website.

1@ Los Alamos

Latest Release: 6.3.0

Documents

I The primary MCNP6.3 Release Notes [1], Theory & User Manual [2],
Build Guide [3], and Veri cation and Validation Testing [4] documents can
be found on the website and in the software distribution.
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https://mcnp.lanl.gov/release_630.html

New Features

I Fission-matrix-based convergence testing and acceleration
' Multigroup cross section tallies for reactor analysis

' Doppler broadening resonance correction

I Stochastic S(; ) temperature mixing

I Mixed-material treatment for structured meshes

' New FMESH tally backend options

' Parallel PTRAC support

I CMake build system

' HDF5-formatted output les and XDMF support

Covered or partially discussed in this workshop
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Improvements

' New Qt-based plotter preview available as technology preview

I All of the MCNP code meets Fortran 2008 and C++ 17 standard
requirements

' Preliminary support for upcoming ENDF/B-VIII.1 data changes

' For new S(; ) format options
I For photonuclear physics

I Upgrade to use open-source version of CGMF 1.1.1

' Improved unstructured mesh input le processing

' Added unstructured mesh quality metrics and reporting

I Decrease of delayed-gamma-line memory usage

' Various deprecated features with plans for future removal

Covered or partially discussed in this workshop
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Fission-matrix-based Convergence Testing and
Acceleration

Automated acceleration of the convergence of the ssion

source distribution

I Eliminates user intervention and trial-and-error testing

I Saves computational cost

More robust statistical convergence and population testing

i
i

I Ensuring the simulation has converged
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Features for Advanced Reactor Analysis

I Unstructured mesh developments for high- delity reactor simulations
' MCNP material properties based on element sets
I Developed MCNP and ABAQUS based Reactor Multiphysics (MARM)
framework for high temperature reactor analysis [5]
I Multigroup cross section tallies computed for coupling to deterministic,
time-dependent reactor feedback codes [6]
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Mesh Tally Backend Improvements Enabling
Extreme-scale, High- delity Simulations [7]

12.2 billion tally region problem run with new FMESH

History and batch statistics .
capability

Advanced MPI parallelism
options

Better performance on
current problems

Scaling to extreme scale for

higher resolution future

problems

' E.g., full core reactor
depletion
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Introduction of the New File Formats (1)

' Introduced a exible, Hierarchical Data Format (HDF5) to replace legacy
binary and ASCII les
' Permits natural organization
I Parallel input/output can provide substantial performance
I Parallel data transfer and distribution provides extensive mesh tally

scalability
I Intrinsic data-compression capability can provide 10-100x le size

savings
I Accessible via C, C++, Fortran, Python, Matlab, etc.
I The restart le (runtpe) now an HDF5 le in MCNP6.3.

' The ptrac le and unstructured mesh model / elemental edit les all now
have an HDF5 option in MCNP6.3.
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Introduction of the New File Formats (2)

I XDMF visualization through openly ' HDF5+XDMF: directly accessible
available software (e.g., ParaView, data les providing immediate
Vislt) visualization
I XML-formatted ASCIl XDMF le
can be easily interrogated via
standard text editor

' Permits many geometric
representations: structured,
unstructured, polyhedral, etc.

' Low-overhead roadmap into the
aforementioned HDF5 data le(s)

Mesh Tally Results Visualized via ParaView
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Simple Godiva Example (1)

Include last line if running with MCNP6.3, otherwise exclude.

Listing 1: godiva.mcnp.inp

Godiva Solid Bare HEU sphere HEU-MET-FAST-001

1 100 4.7984e-02 -10 imp:n=1
2 0 10 imp:n=0
10 o) 8.7407

kcode 5000 1.0 50 250
ksrc 00O

Cc

m100 92234.00c 4.9184e-04
92235.00c 4.4994e-02
92238.00c 2.4984e-03

c
fmesh4:n geom=xyz origin=-10 -10 -10
imesh=10 iints=200
jmesh=10 jints=200
kmesh=10 kints=200
out=xdmf $ New out option in MCNP6.3
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Simple Godiva Example (2)

MCNP6.2

I Execution command:
mcnp6 i=godiva.inp n=godiva. tasks 8

I Directory listing:

/
|- godiva.inp
|- godiva.o
|- godiva.r
|- godiva.s
|- godiva.msht

! 78 M Histories / hr

MCNP6.3

I Execution command:
mcnp6 i=godiva.inp n=godiva. tasks 8
' Directory listing:

/
|- godiva.inp
|- godiva.o
|- godiva.r.n5
|- godiva.s
|- godiva.msht.xdmf

.h5 le extension for new HDF5
les

1 .xdmf le extension for new
XDMF les

710M Histories / hr
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Extracting Inputs and Scripts from Workshop PDF

I Recommend downloading attachments and removing .txt

le extension

Include last line if rt

Disable new Acrobat Reader

@ AcrobatReader File Edit View Window Help
® 0 ® @ 9% 1overviewpdf Rotateview >
Alltools  Convert Raa=liiekisation D
Page Display >
Zoom >
“ Read Mode
Full Screen Mode
2 Simple Godivi show/Hide > v MenuBar
Display Theme
2, - Side Panels
C—"

Rulers & grids
Read Out Loud

i| Godiva Solid Ba; Tracker.
21 100 4.79840 wo — sy
B o 10 imp:n=0
4
510 so 8.7407
5
7| kcode 5000 1.0 50 250
olksrc 000
alc
0/m100  92234.00c  4.9184e-04
1 92235.00c  4.4994e-02
2 92238.00c  2.4984e-03
5 ¢
4 fmesh4:n  geom=xyz =-10 -10 -10
5 imesh=10 00
5 jmesh=10
knesh=10
8 out=xdmf $ New out option in MCNP6.3

x

Find text or tools Q_ B = =R
Attachments @& - Q
[E

Name

godiva.menp.inp.txt

> W Articles
v Attachment
Bookmarks
v &) comment
3 Layers
5 Model Tree
v [[3 Pages

Reset Panes

®

ABCmMEES

B Q

JORN )
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Deimos Project
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LANL R&D Project MC': - .

' Deimos is an ongoing LANL Laboratory Directed Research & NCERC
Development (LDRD) project

I Motivation

' Nuclear power reactor design, measurement, and validation for deep
space missions

I Small reactors need high assay low enriched uranium (HALEU) and/or
particulate fuel

I Goals

1 Critical experiment design and measurement at Nuclear Criticality
Exeriments Research Center (NCERC)
I Schedule to be executed in 2024

I Materials research for optimal coatings and moderator materials

I Modeling and simulation work

I Development of new MCNP features (e.g. Delta tracking capability)
I Multi-physics calculations of Deimos
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Deimos Experiment &?R\D

ol =l > Vo
I Compact Nuclear Power Source (CNPS) NCERC

hexagonal graphite matrix and HALEU fuel from a
critical experiment in the 1980s

I The HALEU TRISO fuel used in CNPS is used in
the Deimos experiment

' Due to the Comet assembly weight restriction at
NCERC, a beryllium re ector is used in parts
where some of the original graphite was located in
CNPS design

CNPS Graphite Slide PHYSOR-Workshop-19 of 146



MCNP Deimos Models MCH | Qﬁ)

I CSG TRISO Particulate Model MCNP CSG TRISO
' Most accurate / most computationally expensive Plotter Visualization
I CSG Homogenized Model (not shown)
I Can be accurate / least computationally expensive
I Unstructured Mesh Models

' Accuracy depends on how well model preserves
volume/mass and shape
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Multi-physics Coupling Qh)
Coupling MCNP6.3 to Grif n

I MCNP6.3 calculates

I Multigroup cross sections for Deimos reactor
I Adjoint-weighted kinetics parameters

I Grif n, part of the NEAMS tools, calculates

I Reactor dynamics, transient analysis
I Heat conduction simulation
' Includes deterministic (SN) transport

' For more discussion on multiphysics analysis
techniques related to Deimos, see “Transient
Modeling and Simulation for Deimos, an Advanced
Reactor Experiment” in the Tuesday, 3:30-5:15 PM
Experimental Reactor Physics technical session here at PHYSOR 2024.

Slide PHYSOR-Workshop-21 of 146



Deimos Model Used in Workshop Exercises &";’h)

I Using a quarter core (wth proper
re ecting boundary conditions)
unstructured mesh model of a
simpli ed Deimos reactor model
' Includes both the Abaqus and

MCNP input les
' Abaqus mesh model generated
using CUBIT

Representative Deimos Quarter-core UM Model
(different from workshop model)

' Both Abaqus and MCNP inputs
electronically attached to this PDF
' deimos_um_simple.abag.inp
I deimos_um_simple.mcnp.inp

Re ective Boundary*

Re ective Boundary*
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Aside: MCNP UM Input File Construction

' Before venturing into a variety of new MCNP6.3 features

' Open LA-UR-24-23422_mcnp_um_input_files.pdf document
I “Constructing Input Files for MCNP Unstructured Mesh Simulations”

MCNP6_PHYSOR_2024_Workshop/
MCNP6_PHYSOR_2024_ Workshop.pdf
outputs/
supplemental/

LA-UR-24-23422/
LA-UR-24-23422 mcnp_um_input_files.pdf
simple_deimos/
simple_thermal/

' Additional exercises and scripts provided with this supplemental
workshop material that allow for easier MCNP UM input le
pre-processing and setup
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Unstructured Mesh and HDF5
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Unstructured Mesh Overview
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Overview of Unstructured Mesh in MCNP6.3

Signi cant refactoring and modernization work done to clean-up existing
and unused code paths

Added mesh element quality assessment to the MCNP6.3 code

Additional regression, veri cation, and validation testing with additional

comment, warning, and fatal error messages

New HDF5 input format option and HDF5+XDMF elemental edit output

format option

I The Abaqus input format can be used to produce the new HDF5 input
format with the MCNP input (mcnp6 i ... ) processing option

I The elemental edit HDF5+XDMF output builds on top of the input
HDF5 format such that it can be used as input for an initial calculation
or for a restart calculation

Reduced mesh input processing times and memory consumption

Deprecated legacy UM Fortran utilities in favor of new Python-based
scripts
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Mesh Elemental Quality Assessment

' Recent review of MCNP UM quality assessment and reporting work [8]
I Detailed discussion on calculating element quality [9, 10]
' Mesh-element quality is a thoroughly studied topic, e.g., [9, 11-13]
I Also: International Meshing Roundtable [https://imr.sandia.gov]
I Origins in mesh generation: calculate metrics and remesh toward
optima
' The MCNP um_pre_op utility [14] has an “element checker”
I Evaluates elemental Jacobian matrix determinant: go/no-go criterion
I Must be run/inspected manually by a user; not implicitly in work ow
' Invoked as, e.g., um_pre_op -ec -0 inpl034.ec.out um1034.abaq
I Looking for nal line: “Total number of failed elements: 0”
' MCNP6.3 advances in mesh quality assessment
I Quality metrics implemented for MCNP UM element types
' Reproduced um_pre_op capability
I Most-commonly used elements emphasized
I Default enabled, opt-out available via embed card elementchk toggle
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Approach to UM Quality Assessment (1)

Start by focusing on linear tetrahedra and hexahedra

I Most commonly used elements by MCNP UM practitioners

I Most thoroughly studied elements by mesh-quality community

I Identify metrics that can be characterized versus recommended ranges
' All metrics exist on continua (i.e., no discrete and/or Boolean metrics)

I Recommended ranges usually support FEA mesh-quality needs

I This may lead to overly conservative recommended min/max values

I Most consolidated source identi ed: Verdict library
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Approach to UM Quality Assessment (2)

' Provide enough information to know if more information is needed
' Provide information implicitly; don't require more work ow tasks
' Ability to opt out in case mesh is “known to be good”
I Elemental quality metric distribution information (a balancing act)
' Number of elements inside / outside recommended ranges
' Ample warning that more attention may be needed
I Conservatism, until better guidance is available, is good
' Education on how to learn more about mesh quality
I Warnings and Output Tables
' Functional approach: warnings (below) and output tables
I 'Warnings in standard output prompt user to inspect output tables
I Qutput tables inform whether additional, external, study is necessary
I (Conservative) warnings sent to standard output and output le...
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Reduction in UM Initialization Computational Time

For ef cient particle tracking, the UM input processing includes a step to
store neighbor-to-neighbor element information

In MCNP6.2 this step is O(N ?) and in MCNP6.3 this step is O(N)
For large UM models, this is a signi cant improvement

I For example, a city-sized UM model with 700k+ linear hexahedral
element model had a 20x speedup in input processing time

UM Input Processing Times for MCNP6.2 (left) vs. MCNP6.3 (right)
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Reduction in UM Memory Consumption

' In MCNP6.2, UM models with many parts that have a large variance in
the number of elements can lead to excessive amounts of unnecessary

memory allocated
I This can be especially important when running MPI parallel calculations

with a large number of ranks
' The example below is using a UM model of the ORNL PCA Problem

UM Memory Usage for MCNP6.2 (Devel) vs. MCNP6.3 (Mem)
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MCNP Unstructured Mesh Geometry

I The MCNP unstructured mesh (UM) feature was implemented to allow
MCNP to read in an Abaqus mesh le, generated by Abaqus, a
multiphysics and nite element analysis code.

' The use of a mesh in MCNP allows a multiphysics code such as Abaqus
to be used in tandem to perform neutronics analysis with MCNP and
other analyses such as heat transfer with a separate code.

I Mesh quality is important
I Mass/volume may not be preserved
I Especially important for criticality calculations

' It is possible to generate a mesh, which re ects the geometry adequately
for most purposes, and yet does not properly preserve mass and/or
volume to the degree necessary for correct validation efforts using
criticality safety benchmarks and shielding benchmarks.
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Criticality Calculations using UM Geometry

Recent ICSBEP benchmarks modeled in MCNP6 UM [15].

HEU-MET-FAST-001: Godiva- bare, fast, spherical assembly of
94% 235U metal.

HEU-MET-FAST-007-037: HEU metal slabs moderated with
polyethylene and re ected with polyethylene.

IEU-MET-FAST-007: Big Ten, a large, mixed-uranium cylindrical
core with 10% average 235U enrichment,
surrounded by a thick 238U re ector.

PU-MET-FAST-022: A bare, fast, spherical assembly of delta-phase
plutonium metal, 98% 239Pu.

PU-SOL-THERM-001-001: A water-re ected 11.5-inch diameter
sphere of plutonium nitrate solution.

Goals:

1. Determine engineering best practices for mesh parameters
2. Compare CSG, UM and experiment results
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HEU-MET-FAST-001 Godiva

' UM meshing strategy: Element size
control and mass correction
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HEU-MET-FAST-007 Big Ten

' UM meshing strategy: Curvature Re nement

1 Allows the mesh to be automatically re ned
to match the curvature of the entities in the
geometric model.

I Mesh size is selected such that the distance
of the model edge curve from the mesh edge
(d) over the mesh edge length (h), d/h < 0.5

1 Useful values for d/h are typically in the
range of 0.01 to 0.4 (smaller value=more
re nement)
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HEU-MET-FAST-007 Big Ten

' UM meshing strategy: Pre-faceting

I 20-sided polygon vs. true cylinder
' Radial tolerances strictly preserved
I Mesh size substantially reduced
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Critical Benchmark Validation Results

I Critical benchmarks with various materials and geometry have been
studied for use with MCNP6 UM

I k-effective results that are within 2% experimental values when due
care is applied to mesh quality, in preserving both the mass and shape.
I Mesh within mass and/or volume tolerances 1-2%
' Volume within 2%, SA/V within 1%

Benchmark Calc/Exp k-effective CSG  Calc/Exp k-effective UM
HEU-MET-FAST-001 1.0000 0.9984
HEU-MET-FAST-007-037 1.0030 1.0029
IEU-MET-FAST-007 0.9999 0.9995
PU-MET-FAST-022 0.9983 0.9960

PU-SOL-THERM-001-001 1.0058 1.0030
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UM Veri cation and Validation Summary

I In the past couple of years, a dedicated UM veri cation and validation
effort has been ongoing

I Focused on CSG vs. UM comparisons to ultimately understand the mesh
guality requirements to obtain comparable results to a proper CSG
benchmark model

' Both criticality safety benchmarks and shielding benchmarks have been
studied

I UM testing will continue and ultimately become part of our standard V&V
efforts in the future

Oktavian Shielding Benchmarks from SINBAD [16]
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Aside: HDF5
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Motivation

I MCNP output exists in many forms with various uses
' Qutput le (outp)
I Human-readable collection of relevant results
' Data les (EEOUT, mctal, meshtal, runtpe , ptrac , etc.)
I Uniquely formatted to support post-processing (plots, tables, etc.)
I Several of the data les can be written as binary

I Fast, ef cient storage
I Non-standard formats; hard to parse (needs custom applications)

' MCNP data les are migrating toward HDF5 to eliminate this downside

' Mesh tally (fmesh), ptrac , runtape , and UM output are implemented
I Other les undergoing development and implementation
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Introduction to HDF5

' HDF: Hierarchical Data Format
' Developed by The HDF Group — Non-pro t organization

1 Spun off from Nat'l Center for Supercomp. Appl. at Univ. of lllinois
I Central authority to ensure quality and prevent fragmentation

' BSD-like license, freely available, portable, numerous APIs

I Of cial APIs: C, C++, Fortran, Java
I Unof cial APIs: Julia, Matlab, Mathematica, Perl, Python, R

' Developed with speed and scalability in mind
' Binary format, which requires a program or API to read the data
I Three major objects: groups, datasets, and attributes

Groups Containers for datasets or other groups (like a le system)
Datasets Homogeneous n-dimensional arrays

I Can contain complex objects, e.g., images
Attributes Can be added to either groups or datasets
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History of HDF5

I 1987: work to develop all-encompassing hierarchical object-oriented le
11990 and 1992: NSF grants provided crucial funding

' NSF wanted to harmonize netCDF and HDF formats
' Drove improved V&V basis
I NASA selected HDF as its standard data and information system

I 1996: major redesign: went to current group & dataset approach
I More information in videos at: https://www.hdfgroup.org/about-us/

' HDF4 is older but actively supported
' HDF5 is current (and actively supported)
I Attempts to address some HDF4 limitations
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HDFS5 is Binary, but Easily Interrogated

I Each group (e.g., /ptrack/ ) is like a lesystem directory
I Each dataset (e.g., BanK is just an array of data that can be processed

h5ls and h5dumgor terminal usage

h5Is -r ptrac2.txtp.h5

/ Group
Iptrack Group
Iptrack/Bank Dataset {0/Inf}

Iptrack/Collision Dataset {12920729/Inf}

Iptrack/RecordLog Dataset {12923729/Inf}
Iptrack/Source Dataset {3000/Inf}
Iptrack/SurfaceCrossing Dataset {0/Inf}
Iptrack/Termination Dataset {0/Inf}

HDFViewior graphical exploration
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GUI Options: HDFView, HDF Compass, and ViTables
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Demo UM to HDF5 and Visualization in Paraview
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Convert Abaqus Mesh File to HDF5

Step 1. Open MCNP Input File: deimos_um_simple.mcnp.inp

Step 2: Ensure EMBEEard includes hdf5file  keyword specifying the name
of the HDF5-formatted model and elemental edit le:

Listing 2: UM Embed Card Input/Output File Information
embedl meshgeo=abaqus

2 mgeoin=deimos_um_simple.abaq.inp

3 hdf5file=deimos_um_simple.um.h5

[N

Step 3: Run MCNP in input-processing only mode:

> mcnp6 i i=deimos_um_simple.mcnp.inp

A new HDF5 (.h5 extension) and XDMF (.h5.xdmf extension) le should now be in
the current working directory.
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Mesh Information in HDF5 Format
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Open XDMF File in ParaView
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View Mesh Model in ParaView

N

Open XDMIF

N

Infelimation

-
Rendsr Visw
< Oacily Adfjusise
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Add Slice Through Mesh Model in ParaView

N\

Create Slee St Quantly

Chenge e 4 Z Visw

< Unecheck “Show Penc”

< Salact "Z Normel”
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Monte Carlo Simulation and Elemental Edits

Step 1: Open MCNP Input File: deimos_um_simple.mcnp.inp

Step 2: Ensure EMBEEard is included corresponding to EMBEEard:

Listing 3: UM Embed Elemental Edit Card
1| embee4:n embed=1 errors=yes

Step 3: Run MCNP in default input and cross section processing and Monte
Carlo mode:

> mcnp6 i=deimos_um_simple.mcnp.inp tasks 8

The HDF5 (.h5 extension) and XDMF (.h5.xdmf extension) les now include the
elemental edits.
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View Elemental Edits in ParaView

T\
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Fission Matrix for Criticality
Calculations
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Fission Matrix Overview
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Overview of the Integral Transport Equation for Multiplying
System

I Consider Peierl's integral transport equation for a multiplying system:

1
S(p) = 1 Fplp SspPdp® p (r; ;E)

I Where

p is the particle phase space
F (p% p) is the transport operator — including leakage, collisions,
scattering, and multiplication
k is the effective multiplication factor
S(p) is the ssion source

' Think of F (p% p) as the operator that describes the transition of a neutron

born from ssion to the phase space of the next neutron born from an
induced ssion reaction
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Power lteration Method

' In MCNP, the power iteration technique is used to compute the nal
converged eigenvalue k and eigenfunction S of the system
' Where the k) and S are given for iteration index i

s+ = k(Ai)F s()
' The next iteration k(*1) and SU*Y are computed during the Monte

Carlo random walk (F operator)
I Renormalization of the ssion source (indicated by resized source

sites) at beginning of each cycle

Cycle 1

Cycle 2
[ @

Cycle 3

-

——> Random Walk

_—
=3

@ Source Sites

Cycle N-1 Cycle N

o

oo o<:
@
o—0®

<: o—@

@ Fission Sites
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Monte Carlo Criticality Calculations Concerns

For the fundamental eigenvalue, k:
I Convergence

I Assessing trends in k as a function of iteration, i, is straightforward
I Use standard statistical testing to con rm converged eigenvalue
I Renormalization bias

' Bias in K is non-conservative
' Proportional to I=v (N neutrons/cycle)

' Undersampling
' Typically impacts eigenfunction S more than the eigenvalue k

d iscard active

taIIies

AANANNNN_/
VAR VAR VAR VARV ER v/

taIIies

KD

|
|
!
|
|
|
!
!
e ey B
I T T T T T T T T T T T T

teration, i
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Monte Carlo Criticality Calculations Concerns

For the fundamental eigenvector, S:
I Convergence

' Local ssion source S takes longer to converge than integral k
I Bias in source shape related to initial source guess

' Renormalization bias

I Bias in S appears as a tilt
' Like k, reduction in bias with more N neutrons/cycle

' Undersampling

' Not enough N neutrons/cycle to cover the physical phase space
I Clustering of neutrons may occur

Cycle 1 Cycle 2 Cycle 3 Cycle N
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Shannon Entropy of the Fission Source

' A uniformly spaced cartesian mesh is used to
compute the Shannon Entropy

' Note that in MCNP&6.3, the reported Shannon
Entropy values have been changed from the
absolute Shannon Entropy to the relative
Shannon Entropy

I In MCNP6.2 and before:
P nyz
H(S) = PP In(py)
where 0 H(S) In(Nyyz)

| In MCNP6.3 and later: H(s™)
P N xyz or
_ M pingp) .

H(S) = —In(nyi ) i H(S™)

where0 H(S) 1

Shannon Entropy Mesh

P

m

DY
N o3

Nyxyz = number of bins
p; = fraction of ssions in bin j

discard active

tallies

tallies

| | |
T T T
Iteration, i
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Fission Matrix in Practice

' An alternative, or supplemental approach to computing the eigenvalue k
and eigenfunction S of the system is to determine the F (p% p) operator
and compute its eigenvalues and eigenfunctions.

In practice this can be done by

' Discretizing the F (p p) operator such that the matrix F includes
elements which describe the next-generation ssion neutrons produced
in region | for each ssion neutron born in region J

Fiao=F(s 5Bl iy 0 E)
I Computing the F matrix elements using Monte Carlo

I Computing the eigenvalues/eigenvectors with standard numerical
solvers

' In MCNP, the ssion matrix is discretized in the position r phase space,
integrating over all angle  and energy E transitions, such that

F|;J = F(rJ ! I'|)

Slide PHYSOR-Workshop-60 of 146



Fission Matrix Spatial Meshing

I The same uniformly spaced cartesian
mesh is used for the ssion matrix as that
used for the Shannon entropy

I The rst cycle of the criticality calculation
will start without a pre-de ned mesh

' The code uses a physics-based approach
to automatically size the mesh

' In the rst cycle the RMS distance from
birth to next ssion location, Ly , iS
used for the physical mesh spacing
along the X, y, and z axes

' In later cycles, if ssion locations occur
outside the mesh boundary the mesh is
automatically extended preserving mesh
spacing

Cycle 3

o<—@

o

.\“.
/..

o
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Reference Solution via the Fission Matrix

I Fission matrix and Shannon entropy

I Sparse matrix storage: required for NxzyZ -sized ssion matrix to capture
Fi.; = F(ry! r,) phase space transitions

' Shannon entropy on same spatial (Ny -sized) mesh

I Power iteration and the ssion matrix

' Power iteration (P 1) used for nal eigenvalue kp, and eigenvector Sp,
I Fission matrix provides reference solution for global ssion
distribution
I Compute ssion matrix ( FM) eigenvalue kgy and eigenvector Sgy
I Compare to kp; and Sp,
I Compute and compare Shannon entropy, H (Sgy ) and H(Sp))

I Reference solution can be used for improved power iteration convergence
testing, assessment, and acceleration
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k and S Fission Source Metrics

Block of N Cycles

I End-of-cycle vs. end-of-block metrics
I Information from individual cycle
I Combined information from multiple
cycles

End-of-cycle metrics from the power iteration solution

I Track length kp, , collision kp| , and absorption kp, estimators

I Shannon entropy H (Sp, ), and its' marginal source distribution in x, y, and z, given as
Hx(Spi1 ), Hy(Spi1 ), and H,(Sp ), respectively

End-of-block metrics from the power iteration solution

I Slope of the (above) end-of-cycﬁ;—:‘ metrics across all cycles in block

I Cumulative source distribution  Sp; , and average Shannon entropy, lH (Sp) )i, across
all cycles in block

End-of-block metrics from the ssion matrix
" Kem » Sem ,and H (Sgm )
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Statistical Testing for Convergence

' Slope tests
I The power iteration end-of-cycle metrics should not trend in any
direction once convergence has been achieved

I Compute least-squares slope and uncertainty within block; if the slope
is suf ciently small for all metrics, slope tests pass

I Shannon entropy test

I Passes if H (Sp, )i within 1% of H(Sgy )
I Sensitive to both convergence and population size

I Source P Sp, and Sgy distribution tests
I Kolmogorov-Smirnov test at 95% level
I Chi-square 2-point test at 95% level
I Relative entropy (Kullback-Liebler discrepancy) test at 95% level
I Sensitive to both convergence and population size
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Statistical Testing for Population Size

I Source renormalization leads to:
' Bias in source shape
I Too low in high-importance regions
I Too high in low-importance regions
I Undersampling/clustering

' Population size tests:
I Shannon entropy test
I Passes if H (Sp;)i within 1% of H (Sgv )
' Fission sourge distribution test
I Compare Sp; and Sgy
I Relative entropy (Kullback-Liebler discrepancy) test at 95% level

I If these two tests pass, there is strong evidence that
I Source convergence has been achieved

I Population size is large enough such that source renormalization bias
is negligible
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Source Convergence Acceleration

I At end of each cycle
I Sgm reference eigenvector is available from end of previous block of
cycles
I Sp; power iteration neutron source distribution at end of current cycle

' During inactive cycles, can optionally use Sgy =S, for importance
sampling of ssion source for each mesh region
I Pushes neutron distribution toward Sgy, reference eigenvector
I Can reduce inactive cycles needed by a factor of 2—-20

' In MCNP during the inactive cycles,

I Iterate until Shannon entropy and ssion matrix meshes are stable

' Begin rst block of cycles to compute reference source distribution from
ssion matrix

I Once convergence has been reached the source importance sampling
is disabled during active cycles
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Primary Fission Matrix Options

' For the ssion matrix convergence testing and acceleration methods, the
KOPTS8ard includes some added capabilities

FMAT=yes/no Turns on the calculation of the ssion matrix and uses this
information to compute reference ssion distribution metrics (e.qg.,
Shannon entropy) to determine when the actual ssion distribution
reaches convergence.

FMATCONVRG=yes/no Uses the reference ssion-matrix ssion distribution to
automatically determine how many power iteration cycles must be
discarded before active cycles begin. In this case, the
user-speci ed number of inactive cycles is ignored.

FMATACCEL=yes/no Uses importance sampling based on the reference
ssion-matrix distribution to accelerate the convergence of the actual
ssion distribution. This can reduce the number of inactive cycles
needed in a simulation while the acceleration is applied prior to
the active cycles.
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Fission Matrix Interrogation
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Fission Matrix Interrogation in the HDF5 Runtape

runtpe.h5/results/fission_matrix

1-D data? Compressed-sparse storage! Slide PHYSOR-Workshop-69 of 146



An Aside on Compressed Sparse-row Storage

Image from:
Elafrou et al., “A lightweight optimization selection method Slide PHYSOR-Workshop-70 of 146
for Sparse Matrix-Vector Multiplication”, https://arxiv.org/abs/1511.02494.



Fission Matrix Interrogation Example [17-19]

Input le available at https://doi.org/10.2172/1601379 Slide PHYSOR-Workshop-71 of 146



Fission Matrix Input Example

' Direct control can create a “preferred” ssion-matrix mesh
' ORNL PCA example:

kcode 250000 1.000 50 250
kopts fmat=yes
hsrc 40 -20.41 20.25
40 -19.275 19.275
75 -36.35375 36.35375

aR W N R

' Beware of le size: the HDF5 runtapes can exceed several gigabytes
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Fission Matrix Visualization Example

See Kulesza and Josey, “Fission Matrix Processing Using the MCNP6.3

HDF5 Restart File", https://doi.org/10.2172/1867160 for more information. Slide PHYSOR-Workshop-73 of 146



Demo Fission Matrix Calculation and Visualization
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Modi cations to MCNP Input File

Step 1. Open MCNP Input File: deimos_um_simple.mcnp.inp

Step 2: Insert ssion matrix options:

Listing 4: Fission Matrix Options

kopts fmat=yes
2 fmatconvrg=yes
3 fmataccel=yes

[N

Step 3: Run MCNP (with threads if possible):

> mcnp6 i=deimos_um_simple.mcnp.inp tasks 8

Note: On a 2023 Apple M2 Max Macbook Pro,

this simulation takes about 15 minutes Slide PHYSOR-Workshop-75 of 146
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Fission Matrix Diagnostic Information

Listing 5: Shannon Entropy and Fission Matrix Mesh Information

comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.

The MESH (adaptive, axis-aligned, cartesian) to be used for computing

Shannon entropy, fission-matrix tallies (if used), and source
convergence checking is initially defined by:
max mesh spacing for automesh = 2.8216E+01

total mesh cells = 45

Xbins= 3 Xmin= 3.4730E-03 Xmax= 3.7887E+01 dx=
Ybins= 3 Ymin= 3.0571E-04 Ymax= 3.7877E+01 dy=
Zbins= 5 Zmin=-4.7496 E+01 Zmax= 4.7487E+01 dz=

the mesh will be automatically extended if necessary,
preserving the original mesh cells and spacing.

1.2628E+01
1.2625E+01
1.8997E+01
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Fission Matrix Diagnostic Information

Listing 6: Fission Matrix Information

comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.

FISSION MATRIX WILL BE COMPUTED to estimate dominance ratio,
based on fission sites only - not flights or collisions

The

mesh for the fission matrix is the same as the entropy mesh,

using

Fission
any

Fission
Fission

Fission

45

matrix
fission

matrix
matrix

matrix

mesh bins for tallying fission neutrons

mesh will be extended if
sites are found outside this mesh.

tallies will be reset after cycle 1
eigenfunction will be found every 10 cycles.

dimensions: 45 x 45

Compressed-row-storage is used for the fission matrix.
max number of nonzero entries: 2025
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Fission Matrix Diagnostic Information

Listing 7: Fission Matrix Convergence and Acceleration Information

comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.
comment.

FMATCONVRG option is being used.
Statistical tests on the neutron & fiss-matrix distributions
will be used to determine convergence & begin active cycles.
The 3rd entry on the KCODE card may be ignored.

Targets for statistical tests:
h_slope: < 0.95 conf level, or < 0.0001
k_slope: < 0.95 conf level, or < 0.0001
distribs: < 0.95 conf level, h_diff: < 0.01

FMATACCEL option is being used.
Fission matrix will be used to ACCELERATE source convergence
of the neutron distribution during inactive cycles.
Importance -factor-limits: min= 0.20, max= 5.00

Keff of the fission matrix solution can be plotted using "kcode 4".
Hsrc of the fission matrix solution can be plotted using "kcode 5".
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Fission Matrix and Power Iteration Results

' Both ssion matrix and power iteration Kk results provided
I Always use the power iteration k for production calculations

Listing 8: Fission Matrix and Power Iteration Results

Approximate results using the fission-matrix:
fission matrix based on last 294 cycles
fission matrix size = 175 x 175
fission matrix based on fission sites only, not flights or collisions.
fission matrix accuracy depends on mesh size.

k-effective = 1.00639
dominance ratio = 0.59961

final k(col/abs/trk len) = 1.006662 std dev = 0.000665
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Fission Matrix and Power Iteration Results

I Plot k-effective as a function of iteration:

> mcnp6 r=deimos_um_simple.mcnp.r.h5 z
mcplot> kcode 3 label "Power Iteration keff* coplot
mcplot> kcode 4 label "Fission Matrix keff"
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Fission Matrix and Power Iteration Results

I Plot H(S) as a function of iteration:

> mcnp6 r=deimos_um_simple.mcnp.r.h5 z
mcplot> kcode 6 label "Power Iteration H(S)" coplot
mcplot> kcode 5 label "Fission Matrix H(S)"
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Extract Fission Matrix, Calculate and Sort Eigenvalues &
Eigenvectors, and Plot

' The ssion matrix is accessible through the runtape

' Python script is available to extract, calculate, and plot eigenvalue and
eigenvectors:

Listing 9: Header of ssion_matrix_process.py

#!/usr/bin/env python3

import h5py

import matplotlib.pyplot as plt
import numpy as np

import scipy.sparse as sparse
import scipy.sparse.linalg as sla
from matplotlib.cm import get_cmap

SUPPORTED_RUNTAPE = [1, 0, 0]

Complete script is electronically attached to this PDF, a modi cation of
the same script from Kulesza and Josey, “Fission Matrix Processing Slide PHYSOR-Workshop-82 of 146
Using the MCNP6.3 HDF5 Restart File”, https://doi.org/10.2172/1867160.




Extract Mesh Data

Listing 10: Matrix Extraction in ssion_matrix_process.py

def extract_fmat(runtape):
"""Returns the last saved fission matrix as a scipy.sparse.csr_matrix"""
with h5py.File(runtape, "r") as handle:
# Check runtape version
version_file = handle["config_control"].attrs["version_file"]
if any(SUPPORTED_RUNTAPE != version_file):
print("Possibly incompatible runtape detected.")

fmat = handle["results/fission_matrix"]

n_dim = fmat["n"][()]
indices = fmat["indices"][:]
indptr = fmat["indptr"][:]
data = fmat["data"][:]

n_xyz = fmat["n_xyz"][:]
delta_xyz = fmat["delta_xyz"][:]
origin = fmat["origin"][:]

return ( sparse.csr_matrix((data, indices, indptr), shape=(n_dim, n_dim)),
n_xyz, delta_xyz, origin )

SciPy CSR matrix:
https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.csr_matrix.html
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Calculate and Sort Eigenvalues & Eigenvectors

Listing 11: Eigenvalue/Eigenvector Calculation in ssion_matrix_process.py

def plot_eigs(mat, n_xyz, n_tot=6, n_col=2):
"""Retrieve eigenvalues/vectors, sort, reshape to 3-d object, and plot."""
eigenvalues, eigenvectors = sla.eigs(mat, k=n_tot)

# Clean up and sort the eigenvectors.
sorted_eigvals = []
sorted_eigvecs = []
for i in np.argsort(-np.abs(eigenvalues)):
val = eigenvalues]i]
val = np.real(val) if np.real(val) == val else val
sorted_eigvals.append(val)
vec = np.real(eigenvectors[:, i].reshape(n_xyz[::-1]).transpose())
if len(sorted_eigvals) == 1:
vec = np.abs(vec)
sorted_eigvecs.append(vec)

SciPy sparse linear algebra eigenvalue calculation:
https://docs.scipy.org/doc/scipy/reference/generated/scipy.sparse.linalg.eigs.html
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Plot Eigenvalues & Eigenvectors

Listing 12: Eigenvalue/Eigenvector Plotting in ssion_matrix_process.py

# Create example plot grid.
cmap = get_cmap("RdBu")
fig, ax = plt.subplots(int(n_tot / n_col), n_col, figsize=(3, 3 * 1.75))
aspect_ratio_z = delta_xyz[1] / delta_xyz[0]
for i in range(int(n_tot / n_col)):
for j in range(n_col):
k =i * (n_col) + j
data = sorted_eigvecsl[k]
cbar_scaling = max(np.max(data), -np.max(-data))
ax[i, jl.matshow(
data[:, :, int(n_xyz[2] / 2)].transpose(),
cmap=cmap, origin="lower", aspect=aspect_ratio_z,
vmin=-cbar_scaling, vmax=cbar_scaling,
)
ax[i, jl.set_xticks([]); ax[i, j].set_yticks([])
ax[i, j].set_title(
f*$k_{{{k}}}={sorted_eigvals[k]:.5f}$",
y=1.0, pad=3, fontsize=6,

plt.savefig("eigenvalues.pdf", bbox_inches="tight")
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Extracting Example Fission Matrix and Eigenmodes

Step 1. Open the Python script: fission_matrix_process.py

Step 2: Update plot and runtape le names at end of script:

Listing 13: Hardcoded Script File Names

plt.savefig(“"eigenvalues.pdf", bbox_inches="tight")

mat, n_xyz, delta_xyz, origin = extract_fmat("deimos_um_simple.r.h5")
plot_eigs(mat, n_xyz, 15, 3)

A wWN R

Step 3: Run Python script:

> python3 fission_matrix_process.py

Slide PHYSOR-Workshop-86 of 146



Fission Matrix Visualization Example

I Default 3x3x5 ssion matrix mesh
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Fission Matrix Visualization Example

~N o uNWwN R

For a more re ned ssion matrix
solution, make Shannon entropy /
ssion matrix mesh ner using

the HSRGEard:

kopts fmat=yes
fmatconvrg=yes
fmataccel=yes
hsrc 40 0 40
40 0 40
100 -50 50
kcode 10000 1.0 100

350
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New Tally Features
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FMESH Upgrades and HDF5+XDMF
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Introduction

Since MCNP6.2, FMESHas undergone a substantial revision in capabilities.
I The default FMESEbnN guration was heavily optimized.
I 3 new tally backends were added for various needs (mainly, larger tallies).

' MESHTAL is deprecated and replaced with an HDF5 + XDMF output
format.
(This format allows for much faster and easier postprocessing and
analysis)
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Tally Algorithms

It started as a side project - can we use MPI remote memory access to scale
further than ever before?

Implemented 4 algorithms:
History Basic history statistics without optimization.

Fast History A tuned version of 6.2's FMESHIgorithm, tracks changed indices to
reduce memory bandwidth usage.

Batch Threads share a tally array, so memory usage is reduced.

Batch RMA The Batch algorithm, but using MPI-3 RMA to distribute tallies over all
MPI ranks.
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Infrastructure Changes

The MCNP code didn't support batch statistics in any way. A number of changes
had to be made:

' NPShow has a batch size option.

' 'When any batch tallies are enabled, KCODWill resample the ssion bank
to a xed size.

This means the RNG sequence will change if batch tallies are added! I
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Performance

' Tested on a k-eigenvalue problem with a 10-cm, 10-g/cc ball of 22°U.
I Maximizes the effect of tally performance on the problem.

' Mesh was scaled from 50 50 50to 1600 1600 1600

' Neutrons/hr and memory usage tallied

I Tested on 6 nodes of a cluster with 2 sockets, 18 cores each, 128 GB
memory.

' Ran combinations of MPI, OpenMP.

Note: OpenMPI 3.1.6 + Omni-Path does not support MPI_THREAD_MULTIRoE
threading performance is poor for Batch RMA.
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Performance
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Performance
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Memory

Batch RMA has high overhead that dissipates for large problems.
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Memory
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File Formats

Previous versions of the MCNP code used the MESHTAL format:

I ASCII output results in large le sizes.

' The binary to ASCII conversion was generally slow.

I It is tricky to bring into other tools (needs a processing script).

Version 6.3 uses HDF5 + XDMF:

' Binary le format for smaller sizes and faster 10.

' Trivial to load into ParaView, Vislt!, Python, etc.

I (Optional) parallel HDF5 for even faster performance.

! Note that Vislt uses HDF5 1.8 at the time of this writing. MCNP outputs les that use the 1.10
format. Future versions of Vislt will use 1.10+. For now, h5repack can be used to convertto a 1.8
le.
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File IO Performance

216 million cell mesh, Lustre lesystem, 8 stripes, 1M stripe size, 8 MPI Ranks:

] Method | Time (s) | File Size \
MESHTAL 617.5 12 GB
HDF5 + XDMF 18.1 3.2 GB (in runtape)
Parallel HDF5 + XDMF 7.5 3.2 GB (in runtape)
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ParaView Example

Make sure to open with “XDMF Reader”, which is the reader for XDMF version 2
les.
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ParaView Example - Point Source on Cube Corner
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Python Example

Listing 14: Python 3.6+ Example for Reading FMESH

import h5py
import numpy

def read_fmesh(filename, tally_id):
with h5py.File(filename, 'r') as handle:
group = handle[f"/results/mesh_tally/mesh_tally_{tally_id}"]

data = {}

# Transpose converts indices to X, e,

data["mean”] = numpy. transpose(group[ mean ][()])

data["relative_standard_error"] =
numpy.transpose(group["relative_standard_error"][()])

data["grid_x"] group["grid_x"1[()]

data["grid_y"] = group["grid_y"][()]

data["grid_z"] group["grid_z"][()]

data["grid_energy"] = group["grid_energy"][()]

data["grid_time"] = group["grid_time"][()]

return data

data = read_fmesh("runtpe.h5", 4)

By slicing group[ mean] instead of using [()] , one can load a portion into
memory without loading all of it.
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Summary

' New FMESH outperforms MCNP6.2's in most workloads.

' New modes allow for much lower memory usage for large problems.
' File formats are fast and easy to work with.

In the future, we expect to extend this capability to more parts of the MCNP code.
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Special Tally Treatments for Multigroup Cross Sections
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Motivation

I Historically, MCNP development has not been focused on nuclear reactor
applications.

I Recent institutional investiments through the LANL Laboratory Directed
Research & Development (LDRD) Program have focused on developing
capabilities for nuclear reactor applications.

' A new special tally treatment for multigroup cross section
calculations is in the MCNP6.3 release

' Work is continuing in this area, with a current focus on improved tracking
algorithms (i.e., Delta tracking), improved energy deposition and
burn-up/activation tallies, and new tooling to support ef cient work ows
for nuclear reactor applications
' Note that several of these newly developed tools and/or improved

capabilities will likely have an impact outside of nuclear reactor
applications (e.g., radiation protection and shielding, criticality safety)
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Background (1)

Multigroup cross sections are typically needed in deterministic transport and
diffusion codes for reactor physics applications

I Accurate multigroup cross sections require the use of an appropriate
weighting spectrum

I The weighting spectrum should be representative of the application that
the multigroup cross sections are being used for

In simpli ed notation, the multigroup cross section can be computed as a ratio
integrals,

h x;

i
xg = —h i 9 where
multigroup cross X reaction channel
section g incident-energy group
continuous-energy ha; b the inner product of a
Ccross section and bintegrated over

weighting spectrum all phase space
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Background (2)

While the multigroup reaction cross sections are straightforward, the scattering
angle/energy and ssion energy terms are slightly more involved and limited
(analog transport is used)

The multigroup Legendre moment, |, for the scattering matrix de ning transitions
from group g°to g is

_ haiigo g
shg% g = h 740
The multigroup ssion neutron spectra is
P .
9= P gp‘lGh ' 1g0 g
g=1 90:1h s Igol g

which produces a normalized ssion neutron energy spectrum. To separately
obtain prompt and delayed ssion neutron energy spectra, the integrals are binned
by time.
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Multigroup Cross Section Tally Options

Four new tally special treatment options (FT card) have been added to assist with
reactor analyses:

SPMCaollision exit energy-angle scatter probability matrices

MG Flux weighted multigroup cross sections

FNSInduced ssion neutron spectra

LCS Legendre coef cients for scatter reactions

These new multigroup tally capabilities have been thoroughly described and
veri ed via code-to-code comparisons [6].
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Flux-weighted Multigroup Cross Sections

FTn MGC fg
MG Flux weighted multigroup cross sections
fg Flag for microscopic (barns) or macroscopic (1/cm) cross section
calculation

Description of the Multiplier Bins for the MGC FOption.

Bin #  Units Values
1 n=(cm? s) Flux (used as a divisor for the other bins)
2 sh/cm Inverse velocity
3 barns Total cross section
4 barns Absorption cross section
5 barns Fission cross section
6 barns Total or prompt ssion production cross section
7 barns Delayed ssion production cross section
8 barns Fission heat production cross section
9 barns Capture cross section (Absorption + Fission)
10 barns Scatter cross section [Total (Absorption + Fission)]
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Flux-weighted Scattering Matrices and Fission Spectra

Multigroup scattering matrix options

FTn SPM n@osine-binned scattering matrices)
SPMCaollision exit energy-angle scatter probability matrices
na Integer number of equally-spaced cosine bins

FTn LCS lo(Legendre coef cient scattering matrices)
LCSLegendre coef cients for scatter reactions
lo Integer number of maximum Legendre scattering order
Multigroup ssion energy spectra

FTn FNS nt
FNSInduced ssion neutron spectra

nt Integer number of delayed neutron time bins

' If nt is not speci ed, then a T card needs to be used to
specify time binning to separate various prompt and delayed
neutrons emitted from ssion.
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Code-to-code Veri cation Efforts (1)

' Compared new multigroup special treatments to those produced using
NJOY
I Calculated a ne-group energy weighting spectrum with MCNP
I Inserted the weighting spectrum into NJOY
I Compared NJOY multigroup data to MCNP multigroup data

' Compared to other Monte Carlo codes that calculate multigroup cross
sections

Multigroup Cross Section MGOption Veri cation
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Code-to-code Veri cation Efforts (2)

Legendre Scattering Coef cient LCSOption Veri cation
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Code-to-code Veri cation Efforts (3)

Delayed Fission Spectra FNSOption Veri cation
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Summary

' The SPMand LCSoptions were compared to each other for internal
consistency

I Besides any issues using NJOY with a ne-enough weighting spectrum
and dealing with the statistical noise in the Monte Carlo tallies, everything
looks good between NJOY and MCNP

I Some reactor pin-cell-like problems were used to compare to multigroup
capabilities in other Monte Carlo codes

Prompt Fission Spectra FNSOption Veri cation
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Demo FMESH and Multigroup Cross Section Calculations
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Use Mesh Tally XDMF Output Option

Step 1: Open MCNP Input File: deimos_um_simple.mcnp.inp

Step 2: Ensure FMESEhrds includes out=xdmf keyword-value option:

Listing 15: FMESH Card Tally Information

1| fmeshl4:n geom= xyz out= xdmf

2 origin= 0.0 0.0 -75.0

3 imesh= 39 57 iints= 40 5

4 jmesh= 39 57 jints= 40 5

5 kmesh= -47 47 87 kints= 10 100 10
6 tally= fast_hist

71¢C

8| fmesh24:n geom= xyz out= xdmf

9 origin= 0.0 0.0 -75.0

10 imesh= 39 57 iints= 40 5

11 jmesh= 39 57 jints= 40 5

12 kmesh= -47 47 87 kints= 10 100 10
13 tally= batch

Step 3: Run MCNP (with threads if possible):

> mcnp6 i=deimos_um_simple.mcnp.inp tasks 8

Note: On a 2023 Apple M2 Max Macbook Pro,
this simulation takes about 15 minutes
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Mesh Information in the HDF5 Runtape
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View Mesh Tally Results in ParaView
Creeis Thresheld T

€ Threshold

< Auio-sczle Color Rengs \
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Multigroup Tally Options in Input File

Step 1: Open MCNP Input File: deimos_um_simple.mcnp.inp
Step 2: Ensure MGCSPMFNS and LCSspecial tally treatments and PRDMP
card included in input le:

Listing 16: Multigroup Special Tally Treatment Input Information

1| C TRISO Fuel Inconel Graphite Beryllium
2| f34:n (1 92i 94) (95 5i 101) (102 103 104 105) (106)
3| ft34 mgc
4| e34 le-11 99ilog 30.
5| C
6| f44:n (1 92i 94) (95 5i 101) (102 103 104 105) (106)
7| ft44  spm 20
8| ed4 le-11 99ilog 30.
9 C
10| f54:n (1 92i 94) (95 5i 101) (102 103 104 105) (106)
11| ft54 Ics 8
12| e54 le-11 99ilog 30.
13| C
14| f64:n (1 92i 94) (95 5i 101) (102 103 104 105) (106)
15| ft64 fns 6
16| e64 le-11 99ilog 30.
17| C
18| prdmp 2j 1
Step 3: Run MCNP (with threads if possible):

> mcnp6 i=deimos_um_simple.mcnp.inp tasks 8

Note: On a 2023 Apple M2 Max Macbook Pro,
this simulation takes about 15 minutes

Slide PHYSOR-Workshop-120 of 146



Plot Cross Section Tallies with MCNP Plotter

I Can follow the sequence of MCNP plotter commands to visualize

multigroup cross sections

Listing 17: Complete MCPLOT COM File

i rmctal deimos_um_simple.m

2| loglin lethargy

3| xlims 1le-12 1le2

4| thick 0.08

s| file fixed m 3 label "Fuel Total XS" coplot
s| fixed m 5 label "Fuel Fission XS" coplot
7| fixed m 4 label "Fuel Capture XS" coplot
g| fixed m 10 label "Fuel Scatter XS"

9| end

I Can also drive the MCNP plotter with this COMcript:

> mcnp6 z com=mcplot_fuel.comin

mcplot_fuel.comin COM le electronically attached to this document.
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Plot Cross Section Tallies with MCNP Plotter
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Extracting Multigroup Tally with MCNPTools

Step 1. Ensure mgxs.py script and deimos_um_simple.mMCTAL le in
working directory

Listing 18: Header of Multigroup Tally Extraction Script

from mcnptools import Mctal, MctalTally
import numpy as np

import matplotlib.pyplot as plt

import pylab

AW N R

Step 2: Run script:
> python3 mgxs.py

mgxs.py Python script electronically attached to this document. Slide PHYSOR-Workshop-123 of 146



Plot Cross Section Tallies with MCNP Plotter

Triso Fuel Cross Sections
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Plot Cross Section Tallies with MCNP Plotter

Triso Fuel (left) and Inconel (right) Cross Sections

Graphite (left) and Beryllium (right) Cross Sections
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MCNPG6.3 for
Nuclear Criticality Safety



Los Alamos Scienti ¢ Laboratory, 30 December 1958 [20]

' On December 30, 1958 a nuclear criticality accident occurred in a
processing facility at Los Alamos Scienti ¢ Laboratory.
' Plutonium organic solution in an organic treatment tank;
I single excursion;
I one fatality, two signi cant exposures.

' Prior to the accident, the vessel contained two layers of aqueous and
organic solutions.
I A stirrer was started and abruptly forced solution up the tank wall,
which caused a critical thickness to form in the central region.
I The motion changed the system from subcritical to superprompt critical
and an excursion occurred.

I The system was driven permanently subcritical by the mixing of the
layers.
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Analysis Overview

I What effect does stirring have on a supercritical plutonium solution?
I MCNP®6.3 can be used to answer this question.

' An input deck will be presented that utilizes universes, llIs, and cones
to model the vessel with the stirrer on and off.

I The data card block will include standard cards to run a basic KCODE
problem.

I Additional data cards will be added to perform:

stochastic geometry calculations,
eigen-decomposition of the ssion matrix,
visualization of the XDMF output of a FMESH, and
multigroup cross section generation.
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Basic Input Deck

I A single-sheet cone is used to model the surface of the solution.
' The two in nite cells Il a nite right circular cylinder.
' A bounding sphere surrounds the system.

message: o=output.txt r=runtape.h5

Los Alamos Scientific Laboratory, 30 December 1958
10 1000 -0.98 +100 u=1 IMP:N=1

20 0 -100 u=1 IMP:N=1

30 0 -200 FILL=1 IMP:N=1

40 0 +200 -300 IMP:N=1

50 0 +300 IMP:N=0

100 KZ 60 3300 +1 <--- stirrer off
100 KZ 55 33 ! <--- stirrer on

200 RCC 0 0 O 0 0 141.5 50
300 SO 1000

MODE N

PRINT

PRDMP 2j 1

RAND GEN=2 SEED=3 STRIDE=1e6
M1000 1001 8 8016 4 94239 1
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Qt-based Geometry Plotter

' The new Qt-based plotter can be accessed from the command line,
mcnp6.qt inp= input.txt ip, and used to check the geometry.
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Stochastic Geometry

I Stirring the solution creates a vortex but does not create extra mass.
I The vertex of the cone must decrease to maintain the mass of the
solution.
I MCNP®6.3 can be used to perform a stochastic volume calculation and
determine the vertex coordinate through trial-and-error.

VOID
VOL 1.0
SDEF SUR=300 NRM=-1 DIR=D1 WGT=3141592.65359 <--- WGT=PI*(R=1000)*¥
SI1 01

SP1 -21 1

SB1 -21 2

FC4 Solution Volume
g| F4:N ( 10 < 30 )

9| NPS 1E7

N e

~N o 0 AW

I The volume of the solution with the stirrer on and off is ~ 480,000 cm?
when the vertex of the cone is 5 cm lower.
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Basic KCODE

I Add a basic KCODE block to the data cards
I 10,000 particles/cycle, initial guess of 1.0, discard 50 cycles, 150 total
cycles
I Start initial ssion sites at (0, 0, 50)

1| KCODE 10000 1.0 50 150
2| KSRC 0 0 50

I Stirrer off: nal k(col/abs/trk len) = 1.006221 std dev = 0.001060
I Stirrer on: nal k(col/abs/trk len) = 0.997261 std dev = 0.000951
I MCNP6.3's basic KCODE can answer the original question!

I Stirring a supercritical plutonium solution can make the system
subcritical.

Slide PHYSOR-Workshop-132 of 146



Advanced KCODE

' Why does stirring the solution cause the system to be subcritical?

I The system's ssion matrix can be used to investigate this question.
A Shannon entropy grid is speci ed, the FMAT option is turned on,
convergence and acceleration are enabled, and initial ssion sites are
sampled uniformly throughout the HSRC grid.

1| KCODE 10000 1.0 50 150
2| HSRC 25 -50 50 25 -50 50 25 0 150
3| KOPTS FMAT=YES FMATCONVRG=YES FMATACCEL=YES FMATSRC=YES

I Stirrer off:
I Inactive cycles: 31
I KCODE results: nal k(col/abs/trk len) = 1.009300 std dev = 0.001234

I FMAT results: k-effective = 1.00846 dominance ratio = 0.68271
I Stirrer on:

I Inactive cycles: 60

I KCODE results: nal k(col/abs/trk len) = 0.997763 std dev = 0.001062
I FMAT results: k-effective = 0.99691 dominance ratio = 0.69080
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Fission Matrix Visualization

I The eigenvalues and eigenvectors of the ssion matrix can be plotted and
analyzed from the runtape.
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XDMF FMESH Visualization

' The FMESH tally's XDMF output can be used to generate a
3-dimensional plot of the ux.

1| FMESH4:N GEOM=XYZ ORIGIN=-50 -50 0
2 IMESH=50 IINTS=100

3 JMESH=50 JINTS=100

4 KMESH=150 KINTS=100

5 OUT=XDMF

I Plots can be generated with the ParaView software.

I Getting it: https://www.paraview.org/download
I Getting help with it:

https://www.paraview.org/community-support
I Issues:

https://gitlab.kitware.com/paraview/paraview/-/issues
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Multigroup XS Generation

' MCNP6.3 can be used to generate multigroup cross sections for use in
deterministic transport software and multiphysics simulations.

VOL 4.75996E+05
F4:N ( 10 < 30 )
E4 1E-11 99ilog 20
FT4 MGC 1

AW N R

' MCNPTools can be used to extract the multigroup cross section tallies
from a MCTAL le.

I Getting it: https://github.com/lanl/mcnptools
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Final Thoughts

' MCNP6.3 is a powerful tool for analyzing nuclear systems.

' In KCODE problems, creating the geometry and de ning materials are
the most user intensive processes.

' It is easy to add data cards but using and interpreting them correctly can
be challenging.

I Qutput les can now be analyzed and plotted easily.
' Multigroup cross sections should be generated for each con guration.

I Using the “wrong” multigroup cross sections can introduce
unnecessary nuclear data error into a calculation.

I Consider investigating some of MCNP6.3's other tools and features such
as mcnp_pstudy and KSEN.
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Future Work

Slide PHYSOR-Workshop-141 of 146



Delta Tracking in MCNP6.4

' Delta tracking (aka Woodcock tracking) is an
alternative algorithm to the standard Monte Carlo
surface-to-surface tracking algorithm

I Can be bene cial when collisions occur rarely with
respect to the frequency that surfaces are crossed

I Implemented, tested, documented, and reviewed
the Delta tracking capability — will be released in
MCNP6.4

' Figures on right from Kristin Stolte ANS Summer
2023 presentation where discrete modeling of
TRISO particles compared both tracking
algorithms
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Cinder Burn-up/Depletion in MCNP6.4

' The CINDER'90 code, used for material
depletion and transmutation physics, was
introduced into the MCNPX code in the
early 2000's

I Used inline for nuclear reactor depletion

and activation/delayed particle emission
physics

' Although it was planned, the CINDER
2008 code was never merged into MCNP6

' We are actively modernizing the code, with
plans to release Cinder 2024 including
improved numerical algorithms and better
nuclear data
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Other Noteworthy Changes to Expect in -
MCNP6.4 (or earlier)

I Generalized ZAID-speci er input processing (in MCNP6.3.1)

' New random number generator (see RAND GENm8VCNP6.3.1)
I Extended general sensitivity/uncertainty tally capabilities (FSEIN

I Completion of FMESkhprovements to supplant TMESEBpabilities
' Dynamically-linked source and tally capabilities

' More output data converted into HDF5-accessible formats

' And many more code enhancements, bug xes, etc.

' For annual updates on MCNP6 code developments, consider attending
our MCNP User Symposium (https://mcnp.lanl.gov/symposia.html)
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Thanks!
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Q&A
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Backup Slides
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Qt-based Geometry and Tally
Plotter
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Outline

' Geometry Plotter

I Introduction of new features
I Brief look at each panel
I Live demo

' Tally Plotter

' New viewport
I Live demo
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New Plotter Features

I Qt-based render window (no
X-Server required)

I Modern buttons (geometry plotter)

I Command box supporting > 29
characters

I Mouse control to pan, zoom, and
rotate slices

' New plotter view le formats (png,
pdf)

I Macro support

New plotter is shipping with MCNP6.3
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Geometry Plotter First Look
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Control Pane (1)
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Control Pane (2)

I “My Macros” functionality

1 Similar to reading a COM le on the execution line
' More later

I “Last View” expands on limitations of “Restore” button

I Resets all parameter(s) to previous parameter(s) instead of a select few
I “Tips” button allows user to hover over a feature for quick help text
I “Save PDF” button

I Available as a new command: savepdf
I Raster PDF functionality to come
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Information Pane

I Contains all information present in
X-based plotter by default

I Basis, Extent, Origin

I Click in a cell for more information
on that cell.

I Old plotter only showed what
was selected in the right-hand
control panel

' Now shows all information
relevant to problem

1 Will also show information on an
overlaid FMESH mesh
I Runtape information, tally
value/error of selected voxel,
voxel indices
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Input Pane

The old “Click here or picture or

menu” box only supported 29

characters of input

' or 10.045 20.345 0 ex 10 ba
4863 .23018 .84294 111

New input is “in nite” for all
practical one-liners

I Also supports command recall
with up- and down-arrows

Messy history can be cleared with
“Clear History” button, but
command recall with arrow keys
still works

Error messages are still presented
in the command-prompt window
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Viewport Pane

I Can now interact directly with keyboard and mouse:

Click and drag to pan

Shift-Click and drag to rotate
Ctrl-Click and drag to zoom in and out
Ctrl-[Arrow Key] to pan

I Ctrl-Shift-[Arrow Key] to pan more
Ctrl-[+/-] to zoom at origin

I Ctrl-Shift-[+/-] to zoom more

I Status bar now tells you when the plotter is working

These features will be shown in the demo
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Geometry Plotter Live Demo

I Show macro functionality with lost particle use-case
' Demo more complex geometry

I Compare X-plotter speed

I Show new savepdf, savepngcommands
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Tally Plotter Viewport

I Largely the same look as the old tally plotter, though modernized
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Tally Plotter Live Demo

I Show classic tallies
' Arrow key recall
' Show FMESH tally
I Tie into geometry plotter
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MCNP6.3 Visualization
Approaches
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How to Use These Slides

I Intended to be useful as a reference
I Can be used independent of ParaView [21] being open

I GUI elements labeled to establish nomenclature

' When “clicks” are necessary, steps are numbered to give click order
I Additional information in lower-right “callout” boxes

I Recommended approach: focus on presentation and experiment after

I Prevents “getting lost” while the presentation is underway
I Experimentation is how skill and “muscle memory” is built
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ParaView Introduction

' Open-source & cross-platform software
' Maintained by Kitware Inc.

I Kitware also maintains CMake, VTK, etc.
' Supported by, among others:

I Advanced Simulation and Computing Program
' Army Research Laboratory

' Los Alamos National Laboratory

1 Sandia National Laboratories

I Getting it: https://www.paraview.org/download
I Getting help with it: https://www.paraview.org/community-support
I Issues: https://gitlab.kitware.com/paraview/paraview/-/issues
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ParaView Interface Overview—Main Components

1N\ o

. Pene
Rane

Render View

/
z
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Views other than the Render View

I

Cllose or
OpEN NeW
— | tOJSEE}
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ParaView Interface Overview—Toolbars
Aciive Vertelhle /
A

L 4 \
N
Filiisrs _ Cenfier Axdis Centrels
REpresaniEilon

The ParaView interface has been described
as seeming like an airplane cockpit. But,
don't be afraid to crash it—even if that might
(rarely) happen from time to time...
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ParaView Interface Overview—Properties Pane

/ Appply Chenges
-
T
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Render View Colors (Settings, Color Palette Tab)

Complsment s Badkground,
As Appropitate

G [BEEOUNG]

macOS: ParaView Menu! Preferences
Windows/Linux: Edit Menu! Settings
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Loading (Example) Data to View

/((1))

\ @) A “Cennee” BAmpE...

(8 Lo by Gllbing O <

Access from the File menu, Open... entry.
Some simple data les are provided with
ParaView that can be used for familiariza-
tion and/or experimentation.
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Moving Around / Controls

/ Det in Plpeline
/ (0) Click “Apply” fio Loed
Verfelles fo infielly Lead

Nothing showed up because ParaView is
giving an opportunity to deselect some
data/geometry before loading it. This can
save time/memory.
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Moving Around / Controls (Properties Tab)

(4) Golor by Block l
A N\ @ Advence Timesigps
P Netis the "Open” Eyebell with VER Comfirals
/ Unewellzlble when Apelied Nt & Can...

(®) Click el Drag fio Rofeis View

(@) Serell through the Propertiss Pene
/ {io get & Sense of he Amount of
(Acveneed) Options
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Moving Around / Controls (Information Tab)

(@) Cliick Butiion end Nots New Orfentztion
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Moving Around / Controls (Coloring & Legends)

/((ﬂ,)) /((2»

(4;9)\
Mettertels, Perts, @ie. Ny

(8) Nems Blocks =——>

{
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Edit Color Map
/ﬂ \

Ussiiul fior Reproducizle Plots)

IE@V\{((/
Few Fent Chelees (6. B2 Fonf) =—-

Sizing)

E WUsstiul for Reprecluciie Plofs)
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Common MCNP Output
Operations / Manipulations



Motivating Calculation Geometry & Results

Focus: UM geometry and results

1 EEOUT le converted to an ASCII Unstructured VTK File (.vtu) [22]
' HDF5+XDMF output les (not available in MCNP6.2 and earlier)
Focus: FMESH-based mesh tallies

I MESHTAL le converted to an ASCII Structured VTK File (.vts)
' HDF5+XDMF output les (not available in MCNP6.2 and earlier)

The needed HDF5+XDMF les are provided
I Conversion processes shown next for completeness

Other possibilities (not covered here)
I Particle tracks

' Point data (collisions, ssions, etc.)
I Voxelized CSG representations [23]
' Weight-window mesh les
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MCNP UM File Format Conversion

' MCNP6.2 and earlier: use conversion script electronically attached to [22]
' MCNP6.3: direct embedXDMF+HDF5 output via hdf5file=  filename
I Example conversion execution looks like:

> /Convert_MCNP_eeout_to_VTK.py caas_hybrid.mcnp.eeout
Processing caas_hybrid.mcnp.eeout...
Found 1 edit(s).
Processing ENERGY_6 edit...
Processing & Validating EDIT_6_RESULT_...
Maximum value: 1.19052e-02
Minimum positive value: 3.21896e-14
Minimum value: 0.00000e+00
Processing & Validating EDIT_6_ERROR_...
Maximum value: 1.00000e+00
Minimum positive value: 8.86076e-04
Minimum value: 8.86076e-04

' Resulting le: caas_hybrid.mcnp.eeout.vtu
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MCNP Mesh Tally File Format Conversion

' MCNP6.2 and earlier: use meshtal2vtk script with MCNPTools 5.2.1+
' MCNP6.3: direct fmesh XDMF+HDF5 output via out=xdmf
' Example meshtal2vtk execution looks like:

> meshtal2vtk meshtal
Processing mesh tally: 14 -> meshtal_14.vts
Smallest non-zero tally value: 1.58150e-03
Largest tally value: 3.57728e-02

' As before: the values are useful for setting log-scaled colorbar bounds
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Introduction to XDMF [25, 26]

1 ASCII, XML-formatted, le

I Standard, albeit not actively developed, le format
I Supports various structured and unstructured geometries
I Can contain data and/or contain pointers into HDF5 les

I Cross-platform & open-source support (direct visualization of output)
I ParaView [21]
I Vislt [24]

' No additional MCNP library dependencies
' MCNP outputs are XDMF version 2
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Loading XDMF Version 2 Files
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After Loading, Check the File “Information”

/Em@@®
< VElideis Size

G [NETEDE Cell
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Logarithmically Scaled Coloring & Rename Legend

((ﬂ))\

@) set Cusiom Rangs

O=18<D< 1.262)
(erdz-i2<D < ie2)

@)/

((‘33))/

Select Edit 6 values to color by.
Units are calculated as gray from Slide PHYSOR-Workshop-A-42 of 70
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Color Map Selection

/((ﬂ,)mg@ﬂ@@;, /@ﬁ

=

D

@ Apply Celer Map N

YS@N\fonmated /
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UM Feature-edges Only

P (@) Menuelly Specily Camers

T

Deselect ceiling grid, change UM representation to "Feature Edges”,

color as black, set line width to 3. Slide PHYSOR-Workshop-A-44 of 70



Specify Camera Settings

(—@S@@%m/

} (0) Specliy
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Operations of Interest

I Clips and slices
I |socontours

I Cell-to-point data conversion

I Lighting considerations

I Overlaying relative fractional uncertainties
' Probing & manually annotating values

I Assessing mesh quality
I Segregating and nding particular elements
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Clip (Hide Half Space)

() Cliick “Clifp” Fllisr
i (or Selest from “Filier” Meny)

/(@))ﬁ@
<« (&) Spacily Posfiion & Orientztion

< Ussitl Opfions

For subsequent mesh tally plots, we use a distinct, custom, color palette. Slide PHYSOR-Workshop-A-47 of 70



Slice

-~ () Delsio Gl & Apply “Sios” Fler

<« (2) Spaciily Posfiion & Orientztion
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Another Slice ( X;y;z=0; 8251307? Xx)
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Isocontours & Lighting
Considerations



Apply Contour Filter and “Contour By” Value

(%) Convert Cell Deta o Rl Deta (via Fliter)

¢ @ Apply Comour Fliier

/@[w
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Choose Isocontour Values

(©) Enter Upper/Lower Bireme Veluss ==
@) Sellsct Spacing —>

©) Selsst Nurmibsr of Levels =7

(@t@m@m@@u@/
™ @ sy

/(@»S@ﬁﬂ@@%ﬂ&@@g

™ @ Remove Btsting Value(s)

Also adjust coloring by value to be consistent with contour range. Slide PHYSOR-Workshop-A-52 of 70



Observe Isocontour Results & Trends

<« (1) Apply Cliip Fliisr ? 2= 28

Peak and emanations about source. Signi cant attenuation in walls

Can also overlay other results (particle tracks, etc.).
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Clip Isocontour & Observe Shadows

Lightfing

Clipping about the source shows a peak; however, it is not compara-
ble to the top of the legend. This is because of diffuse lighting (which
gives shadows but “darkens” the colors).
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Adjust from Diffuse to Ambient Lighting

W—I

Seit Amibiant i 4, Set Diituss o @
Shadows are lost but colors in the image are now faithful to the leg-

end. Next, add relative fractional uncertainties to give perspective on
results.
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Add Relative Fractional Uncertainties
/ @) Szt Approprets Renge of Veluss
\ (@) Select Ty Emrers”

<< (1) Apply Slice Fiiisr o Centour

/(@)Emm@wﬂm

(5) Set Ambient to 1, set Diffuse to 0,
set line width to 2.
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2D Plan View

() Setect Plam Visw

0

. @ Salest 2D Projsction

Gives a more ‘“traditional” representation of geometry and results.
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Assessing Mesh Quality



What is “Mesh Quality”

I Mesh element “quality” can be assessed by a variety of metrics
I Deterministically calculated
I Useful for mesh-generation algorithms
I Useful for deterministic engineering calculations

' Body of knowledge mainly for linear tetrahedra and hexahedra

' Verdict library [9] summarizes these metrics
I ParaView incorporates Verdict

I Useful for Monte Carlo transport to identify undesirable elements
' Negative-Jacobian elements have negative volume
I Problematic for edits
I “Paper-thin” elements can challenge particle tracking
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Mesh Quality Filter & Finding Elements

< (1) Add Mesh Quelly Flisr

< (2) Select Meiie

<« (&) Select Colering, Sceling, cie:

Identify elements with high Radius Ratios (poorest qual-
ity). To do this: (4) Edit menu: Find Data.

Hide all other pipeline components. Slide PHYSOR-Workshop-A-60 of 70



Find Data Dialog Use

- O Selsct Pipsiine tem

T@S@H@@S@ﬁ

/@@@@uﬁt@

(4) Extract Selection.

Note that this dialog may need to be scrolled vertically to expose all elements.  Slide PHYSOR-Workshop-A-61 of 70



Viewing & Interrogating Speci ¢ Elements

/ (@) Select Hever Cells

/((2))@@[1]

Information on the extracted data is in the Properties
pane. One can also hover on points to get location infor-
mation.
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Other (Advanced?) ParaView Topics



Brief Overview of Other Topics

' MPI Parallelism

' Toggling Geometry via Blocks
I Saving ParaView State

I Camera Linking

' Recording Traces (Macros)

I Client-server Connections

' Animation
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MPI Parallelism (Settings, General Tab)

) .
< Seereh o Find -

<« Clhedk fio Enells, ResiErt to Use

\ Mesdnmum Processss o Use

Requires MPI on your system (and running). Also, depend-
ing on your system rewall settings, you may see a number
of MPI processes launch and be forced to dismiss allow/block
requests. This means: start with a few processes to see how
your system behaves.
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Saving ParaView State (File Menu)

/

Loew Stefe end Select Diffsrent

|
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Camera Linking (Tools Menu)

P (@) Select A Render View, nd Click This

P CopyiPesis Propertiss o

- (@ hems s Ui
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Recording Macros (Traces, Tools Menu)
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Client-server Connections

Negates downloading data

Provide parallel processing via MPI
Institution-speci ¢ con guration

LANL uses a PVSC con guration le
https://hpc.lanl.gov/paraview_usage
Remote memory monitoring

' View: Memory Inspector

Slide PHYSOR-Workshop-A-69 of 70



Animation

- ) Emiis Visw
- sl Tk

™ @ stsnpe

Python tracks can perform scripted actions every frame (every tick).
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