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NCrystal

P rog ra m m e Thermal Neutron Transport

* The NCrystal project: Background, history, introduction

* Jupyter: Python API and core NCrystal concepts

).

* Using NCrystal as backend engine

jupyter
* Jupyter: Scatter patterns with the builtin MiniMC framework b
* NCrystal material formats and data lib. Jupyter tutorials at:

* Jupyter: Data infrastructure and standard data library
https://github.com/mctools/ncrystal-notebooks/

* NCrystal physics algorithms
This includes links to open in

* (Recap of thermal neutron scattering theory) the cloud at google Colab

NCrystal elastic physics algorithms

Jupyter: Creating materials and the NCMATComposer (first half) These slides also available at:
https://indico.esss.lu.se/event/3439/

NCrystal inelastic physics algorithms

Jupyter: Creating materials and the NCMATComposer (second half)

* Bits and pieces: Other features, plans, etc.

* Afternoon: More Jupyter-based tutorials with various examples and use-cases.
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https://indico.esss.lu.se/event/3439/
https://github.com/mctools/ncrystal-notebooks/

NCrystal

Thermal Neutron Transport
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NCrystal:
background,
history, brief
introduction.
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The NCrystal project: Background NCrystal

Thermal Neutron Transport

https://mctools.github.io/ncrystal/

10°

Geant4 hadElastic process

Original motivation back in ~2014 (X.X. Cai and T. Kittelmann):
Augment Geant4 with proper modelling of thermalised neutrons in 1P
crystalline materials (and avoid the usual free-gas treatment)

Crystalline samples

Geant4 nCapture process
Geant4 neutronlnelastic process
NCrystal scatter process

NCrystal absorption process
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Geant4+NCrystal simulation
of Si111 monochromator

neutrons

positrons electrons

Advanced earlier efforts in older “NXSG4” plugin

- T. Kittelmann & M Boin 2015 Comput. Phys. Commun. 189, 114-118

- Geant4-specific plugin for polycrystals, no inelastic, no
tools/bindings - just a thin wrapper around nxslib by M. Boin.

Monochromators,
analysers

(single crystals.
layered crystals) Scope has since expanded beyond Geant4!

And the physics scope has extended
beyond crystals and beyond Bragg diffraction!
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A brief history of NCrystal ' % NCrystal

Thermal Neutron Transport

(no, this will not be on the test) oru-isebng 4 |

* (prehistoric: NXSG4 in 2014 by T. Kittelmann + M. Boin)

* ~2015: T. Kittelmann + X. X. Cai of the ESS Detector Group and DTU NuTech join separate efforts aimed at adding thermal neutron physics to Geant4.
Quickly decide to make it a standalone project and add support for McStas as well. Both join the Geant4 collaboration to get NCrystal integrated, and also
work with P. Willendrup on McStas integration.

e 2019 (v1.0): After years of development and writing the first publication, release 1.0, focusing on Bragg diffraction and crystalline materials. HKL structure
factors are calculated on the fly at startup. Contains minimal C++/C/Python API and hooks for Geant4 and McStas.

* 2020 (v2.0): with inelastic physics: scattering kernels and a unique capability to expand phonon spectra to scattering kernels on the fly.
* 2020 (fall) (v2.1-2.4): Support atomic/isotopic mixtures, virtual files, and a system for third-party plugins with specific new physics.
* March 2021 (v2.5): Major C++11 rewrite for safe modern C++. Becomes multi-thread safe and gets a flexible data-source structure.

*  April 2021 (v2.6): K. Ramic, J. I. Marquez Damian, and D.Dijulio join the efforts, and most files in the data library gets phonon DOS curves added. We also
begin to estimate atomic displacements from such curves.

* May 2021 (v2.7): The data library grows enormously (now arguably world leading!) thanks again to collaboration with the same people. Add support for
amorphous materials, add cmdline tools for adding new materials.

* April 2022 (v3.0): Large update with multi-phase materials, support for SANS physics, new cfg-parameters like “density”, “one-liner materials”, etc.

* June 2022 (v3.1): Focus on UCN (ultra cold neutron) production in inelastic collisions, ensuring artifact-free modelling and possibilities for biasing.

* August 2022 (v3.2): Support for easily configuring gas-mixtures.

* Aug-Dec 2022 (v3.3-3.5): Improve CMake layer and introduce ncrystal-config command. Improve integrations with McStas (with P. Willendrup and M.
Bertelsen) and Geant4. Bindings for OpenMC in OpenMC 13.3 release. NCrystal appears on conda-forge. CI tests improves with help of M. Klausz.

* May 2023 (v3.6): Large improvement of python API, many utilities for creating new materials from a variety of sources. Publish Jupyter tutorials.
* July 2023 (v3.7): NCrystal appears on PyPI, “pip install ncrystal” now works! ESS DMSC supports NCrystal.

* December 2024 (v3.8): NCrystal components move into McStas itself, NCrystal+McStas integration improves via conda (work with P. Willendrup).
* August 2024 (v3.9): NCrystal ships with “MiniMC" for fast simple diffraction patterns.

* October 2024 - : NCrystal work supported by APRENDE EURATOM grant (T.K. with J. I. Marquez Damian, and D.Dijulio).

* Along the way, supported by: two EU projects, EURATOM, got physics in external plugins (Thanks N. Rizzi, S. Xu, CSNS), and were supported in various
fashions by many people not mentioned already, in particular: T. R. Nielsen, V. Santoro, R.H.Wilton, K.Kanaki, A. Morozov, E. Klinkby, E. Knudsen, ...

* Many ongoing ideas and developments at ESS (in various groups), and CSNS in particular.

Not such an old project, but a lot of activity and
many people contributing in many ways!
Always looking for more contributions!




NCrystal: Open Source backend providing NCrystal

thermal neutron scattering to MC codes  ™emeMevron Transeort
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No hassle!
* Liberal license (Apache-2.0).
No required dependencies beyond C++/Python

Easy install:
pip install ncrystal
conda install -c conda-forge ncrystal

* Uniform cfg-string for all usage
- Same physics no matter where used.
* Multithread safe.
*: Can not share bindings for non open-source codes * Used on Linux/OSX/BSD, Windows by EQY 2024.

KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
EEIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782

Direct usage:
Command-line tools

* Has C++/C/Python APIs

* Suitable for usage in scripts and
e.g. python notebooks.




Standard physics in NCrystal

(crystals/liquids/amorphous solids/gasses)

NCrystal

Thermal Neutron Transport

Cross section (barn)

Elastic (AE=0) components

Bragg diffraction, incoherent, single crystals,
isotropic materials (powders), HOPG.

w
T

HKL structure factors derived on-the-fly (<0.1s).

Cross section (I

Neutron wavelength (A)

i

Cross-section (barn)

B>0.

(up scat.)

B<0

(down scat)
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Inelastic (AE=0) components

Scattering kernel based:

* Initialise from external kernel

* Or from phonon density curve (~0.1s).

* Using incoherent approximation (for
now!)

Fe: VDOS

../ Phonon density
(from theory/datal...)

S(et,8) (FI31, ilrosl)

® 4 6 8 1
alpha 0 10 20 30 40
Frequency [meV/h]




Thermal Neutron Transport

info about NCrystal

More

iscussions,
i, data library page at

//github.com/mctools/ncrystal

Forum for questions/d

issue tracker, wi
https

General info
DOI 10.1016/j.cpc.2019.07.015

Embedded documentation
Entire Python API has doc-strings
Command-line tools have -h / --help flags

Details about elastic models
DOI 10.1016/j.cpc.2021.108082

3

Jjupyter

A

Jupyter tutorials at
//github.com/mctools/ncrystal-notebooks/

https



https://github.com/mctools/ncrystal
https://github.com/mctools/ncrystal-notebooks/

Core NCrystal concepts NCrystal

. Thermal Neutron Transport
All other features, tools, hooks, etc. are built upon these.

Inputs

"Al sg225.ncmat"
"Y25i05 sgl15 YSO.ncmat;dcutoff=0.5Aa"
"gasmix: :0.7xC02+0.3xAr/1.5atm/250K"

"""phases<0.1*PbS sg225 LeadSulfide.ncmat
&0.9*Epoxy Araldite506_C18H2003.ncmat>"""

"Rubber C5H8.ncmat; temp=200;vdoslux=4"
"LiquidHeavyWaterD20 T293.6K.ncmat"

Outputs

Densities, compositions
Phases

Info Scattering lengths

(object)

Crystal structures, HKL factors
Dynamics info like phonon DOS

Provides integrated scattering
Scatter cross sections when queried
process with neutron state.
r>

. Can perform Monte Carlo
(ObJeCt) sampling of outgoing states.

Preferred native format is the NCMAT
(.ncmat) format.

Provides integrated absorption
cross sections when queried
with neutron state.

Absorptio
process
(object)

Can reside in actual files, or as
content in memory.

Can be hand-crafted, auto-converted, or
generated on-demand by plugins.

RALMN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
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Presently only implements
simple 1/v model.

N N N\




Cfg-strings NCrystal

Thermal Neutron Transport

Complete list: https://github.com/mctools/ncrystal/wiki/CfgRefDoc

Apply after “filename” part, separated with semicolons:
* Temperature: "Al_sg225.ncmat;density=2.6gcm3;temp=250K; comp=elas"
* Examples: temp=100, temp=100K,
temp=-10C, temp=100F
* All materials have a temperature. The temp parameter does exactly what you think it does. By
default it assumes the value is in kelvin, but a unit can be added (must be one of K, C, or F.
* Density
* Examples: density=2.0gcm3, density=3.4kgm3, density=0.9x.
* Also does what you think it does. The last example scales the density by a factor of 0.9.
* Scattering component toggling
* Current recognised component names are coh elas (alias bragg), incoh elas, sans, and
inelas. elas refers to all components except inelas.
* Syntax: <compname>=0 (disable component), comp=<compnamel>, . .,<compnamen> (disable all
but the listed components.
* Examples: ...;comp=inelas, sans (only inelastic and SANS),...;inelas=0 (without
inelastic), ...;1inelas=0; comp=inelas (actually removes all components)
* Modify atomic compositions
* Examples: atomdb=H is D, atomdb=Al:1i5:0.9:A1:0.1:Cr,
atomdb=5129:28.97649466525u:4.7fm:0.001b:0.101b, ...
* Single crystal parameters
* Single crystal models and orientations are primarily controlled by the parameters mos, dirl,
dir2, and dirtol. Refer to the documentation linked above, and see examples in the
notebooks.

Whitespace in cfg-strings is allowed (and ignored)

RIS BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
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https://github.com/mctools/ncrystal/wiki/CfgRefDoc

NCrystal

Pyt h 0 n A PI é ) Thermal Neutron Transport

Universal cfg-strings

- Same cfg in McStas, Geant4, ... —— Al scattering
6 7 —— No Bragg

#Plot beryllium-oxide cross sections
import NCrystal as NC

import matplotlib.pyplot as plt
import numpy

scBe0 = NC.createScatter('Be0 sgl86.nchat')
scBe0 nobragg = NC.createScatter('Be0 sgl86.ncmat;bragg=0")
wls = numpy.linspace(0.0,7.0,1000)

plt.plot( wls, scBe0.xsect(wl=wls), label='All scattering' )
plt.plot( wls, scBe0 nobragg.xsect(wl=wls), label='No Bragg' )
plt.xlabel('Neutron wavelength (A)")
plt.ylabel('cross section per atom (barn)")
plt.legend()

plt.ShOW()\-r, .or just do: NC.load(‘Beo_sg186.ncmat’).plot() 0 1 2 3 4 5 6 7

Neutron wavelength (A)

w Y w
I I I

ross section per atom (barn)
L]
1

l

o

#Can also extract more detailed info:
izig_ggg zumgigreateInfO( BeO sgl186.ncmat"') Prints all info to
print('Density [g/cm3]: %g'%info Be0.density) terminal
print('Number density [atoms/A%]: %0 '%info BeO.numberdensity)
for fraction,atom in info BeO.composition:

print(f'Has {fraction*100}% {atom}') ol " " .
for hkl in [ hkl for hkl in info Be0.hklObjects() upyier  JUpyter tutorials available at:
if (1.1 < hkl.d < 1.17) 1: ~==" https://github.com/mctools/ncrystal-notebooks/

print (f'N={hkl.mult} d={hkl.d:g}A F2={hkl.f2:g}barn’,
list(zip(hkl.h,hkl.k,hkl.1)))

Density [g/cm3]: 3.00836

Number density [atoms/A®]: 0.144868

Has 50.0% Be=Be(cohSL=7.79fm cohXS=7.62579barn incXS=0.0018barn absXS=0.0076barn

Has 50.0% 0=0(cohSL=5.803fm cohXS=4.2317barn incXS=0.0008barn absXS=0.00019barn m
N=6 d=1.16827A F?=1.66027barn [(2, 0, 0), (2, -2, 0), (0, 2, 0)]

N=12 d=1.14858A F?=3.49424barn [(2, -1, 2), (2, -1, -2), (1, 1, 2), (1, 1, -2), (
N=12 d=1.1288A F?=0.772761barn [(2, 0, 1), (2, 0, -1), (2, -2, 1), (2, -2, %1), (




Command-line interface (CLI)

The nctool command allows inspection of

physics resulting from a given cfg-string,

browsing of data files, and more.

$> nctool --dump 'AgBr sg225 SilverBromide.ncmat;temp=200K’

$> nctool

'AgBr sg225 SilverBromide.ncmat;temp=200K’

o
L

Cross section [barn/atom]
w w

o
L

o

EN
L

N
L

stdlib::AgBr_sg225_SilverBromide.ncmat [temp=200]

- Coherent elastic
Incoherent elastic
—— Inelastic
—— Total
|
0 2 3 a 5 6 7 8

Neutron wavelength [angstrom]

4

\

stldéiob::AgBr_ngZS_SiIverBromide.ncmat [temp=200] (Total scattering)

Scattering angle [degrees]

G

Intensity (arbitrary units)

0 1 2

3

4 5 6

Neutron wavelength [angstrom]

Other scripts provided, mostly for conversions:

ncrystal _cif2ncmat, ncrystal_endf2ncmat,
ncrystal ncmat2hkl, ncrystal hfg2ncmat,
ncrystal-config, ...

7

8

stdlib::AgBr_sg225

10° 1.8Aa neutrons through 4.64cm diameter sphere

NCrystal

Thermal Neutron Transport

erBromide.ncmat;temp=200

103 4

102 4

10! 4

100 4

1071 4

MULTISCAT_OTHER (0.165%)

B SINGLESCAT_INELAS (1.51%)

s MULTISCAT_PUREELAS (0.0824%)

B SINGLESCAT_ELAS (1.21%)

B Transmitted (0.0421%)
Absorbed (97%)

30

60

90 120 150 180

Exit Angle (degrees)

The Python API provides everything provided
by the cmdline scripts, but sometimes a quick
command in the terminal is convenient.




NCrystal

Thermal Neutron Transport

Time to look at the first notebook:

"Introduction to NCrystal and the
Python API”

,’upyt\; Jupyter tutorials at:

\ https://github.com/mctools/ncrystal-notebooks/

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
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NCrystal

Thermal Neutron Transport

Using NCrystal as
a backend engine
(examples)

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
b " %3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




McStas NCrystaI

N C rySta I i n M CSta s _o_. Thermal Neutron Transport

* Works “out of the box” as long as NCrystal is installed.
* Automatically installs NCrystal if installing McStas from conda.

* Automatically installs NCrystal if installing McStas from “app bundle”
for Windows/MacOS, or Debian packages.

* Several ways to use:

* With dedicated NCrystal sample.comp gives multiple-scattering
and absorption effects in single volume (box/cylinder/sphere).

* As a physics engine in McStas Union’s advanced geometry system.

RALMN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
EEIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



McStas NCrystaI

N c rySta I i n M CSta s _o_. Thermal Neutron Transport

Standard McStas non-Union example (.inst rH

COMPONENT mysample = NCrystal sample(cfg="Al1203 sgl67 Corundum.ncmat",
radius=0.01, yheight=0.05)
AT (0, 0, 0) RELATIVE PREVIOUS

McStasScript + Union example (Pythonu

when creating materials

Simply use NCrystal cfg-stringsJ

import mcstasscript.tools.ncrystal union as ncunion

ncunion.add ncrystal union material(instr, “{””'
name="myAl",
cfgstr="Al sg225.ncmat;temp=10C")
#... usual mcstasscript code for creating volume "myvol" here

myvol.set parameters(radius=0.01,
yheight=0.01,
material string="'"myAl"",
priority=1)

Can of course also use Union+NCrystal in .instr and NCrystal_sample in McStasSM

RALMN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
EIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal + OpenMC/Geant4 NCrystal

Thermal Neutron Transport

Combining two regimes of neutron scattering

L4 5 —— G4 hadElastic
'l \‘
Higher energy (>>eV): 0t 4 e \
- Complex neutron-nuclei { £00 ymP ;
interactions with energy o N ':'
dependent strength. H ‘\ J
[ L 4
= Not SenSitive tO material 10° 4 ~. CE R R - r T I— Gcantlél with NCr};stal
structure. @ GEﬁ'STﬂ' |
10t
b e O\ |
=
E AlI203 .
L 10! r T 1 - r T v
~ 10-7 10-3 10-3 10! 10! 108 10° 107 r’v
Energy [eV]
§ 100 \ . 0 iﬁn | VA
g —— NCrystal \J Combln -mes OK
o PRl ¥ i
Low energy (<<eV): 105 NCrystaI Joases \‘ S both' red
- Simple (point-like) neutron- P
. : . ' le \ . Al203
nuclei interactions with n— . si'l"-"" H T
) 1
constant strength. H (10 L’ -
oy . b A
- Very sensitive to material 104 AR ’,' Neutron E (eV)
structure. AUV e
Al203
10_‘1()"' l(]""" 10""‘ 1()‘“ l(‘)' l('l-" 1(’)5 lE)T
Energy [eV]
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NCrystal

N c rySta I i n o pe n M C Thermal Neutron Transport

import openmc

# Materials

openmc_mat = openmc.Material.from ncrystal('Polyethylene CH2.ncmat; temp=50C")
# Geometry

sl = openmc.Sphere(r=10, boundary type='vacuum')

cl = openmc.Cell(region=-s1, fill=openmc mat) h
geometry = openmc.Geometry([cl]) Simply use NCrystal cfg-strings
# Execution settings when creating materials
settings = openmc.Settings()
settings.source = openmc.Source(energy=openmc.stats.Discrete(x=[10.0], p=[1.0]))
settings.run mode = 'fixed source'’

settings.batches = 10

settings.particles = 10000

# Write xml files

model = openmc.model.Model (geometry=geometry, settings=settings)
model.export to xml()

#Now launch openmc

#Check resulting materials.xml (we could of course actually RUN OpenMC here instead)
import pathlib
print(pathlib.Path('materials.xml").read_text()) Currently needs OpenMC built with
-DOPENMC_USE_NCRYSTAL=0n

Plan is to enable this in
OpenMC conda packages.

—
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LXetey NCrystal

A SIMULATION TOOLKIT *

N c rySta I i n G ea n t4 Thermal Neutron Transport

//Include the relevant header:

#include "G4NCrystal/G4NCrystal.hh" Simply use NCrystal cfg-strings
when creating materials

// ‘\s‘
//Create materials directly from cfg-strings:
G4Material * mat aluminium = G4NCrystal::createMaterial("Al sg225.ncmat");

/]

//Currently the NCrystal process must then be injected in the following way:
g4runManager->Initialize();
G4NCrystal::installOnDemand(); _ Somewhat unusual initialisation
g4runManager->BeamOn (1000) (plan to improve this)

Currently needs custom build of NCrystal with:
-DNCRYSTAL_ENABLE_GEANT4=0n

Plan to migrate to standalone package and
make it work out of the box in conda.

_

RALMN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
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Built-in “Mini MC” for scatter patterns NCrystal

Thermal Neutron Transport

with multiple-scattering effects

$> nctool --mc 3.4Aa 1lcm ‘'stdlib::AgBr sg225 SilverBromide.ncmat;temp=200K"

stdlib::AgBr_sg225_SilverBromide.ncmat;temp=200

10° 3.4Aa neutrons through 1cm diameter sphere

5 4
ol MULTISCAT_OTHER (0.0324%) Runs multithreaded and
] mmm SINGLESCAT INELAS (0.483%) vectorised, for fast results
10%; mmm MULTISCAT_PUREELAS (0.0605%) (ultimately intended for possible
1 B SINGLESCAT ELAS (1.83%) usage in diffraction analysis)
103 5 B Transmitted (5.26%)

Absorbed (92.3%)

Time for this particular
simulation on my laptop:
Load material: 140ms
Run simulation: 170ms
Total: 310ms

102'5

101 3

10°

Intensity (arbitrary units)

Note: 10°src neutrons — >10’
tally entries due to some
variance reduction tricks.

1071

1072

0 30 60 90 120 150 180
Exit Angle (degrees)
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NCrystal

Thermal Neutron Transport

Try it in the notebook:

"Using the built-in MiniMC framework
for generating scatter patterns”

,’upyt\; Jupyter tutorials at:

\ https://github.com/mctools/ncrystal-notebooks/

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

NCrystal material formats
and data library

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
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The NCMAT data format for materials

https://github.com/mctools/ncrystal/wiki/NCMAT-format

NCrystal

Thermal Neutron Transport

* NCrystal supports multiple input formats

*  But NCMAT (.ncmat) is the native one.

* Can load from on-disk file, memory
buffers, data generated by plugins, ...

.ncmat loader
.nxs loader

Jaz/.lau loader

Native NCrystal
format (static or ===
dynamic)

Bragg

Optional formats (smgle crystal

added for McStas <
community

oo Ge_sg227.ncmat

#Comments here (not shown)
@CELL

cubic 5.65735
@SPACEGROUP

227
@ATOMPOSITIONS

Ge 1/2 1/2 1/2

Ge 1/4 1/4 3/4

Ge 1/2 0 0

Ge 1/4 3/4 1/4

Ge 06 1/2 0

Ge 3/4 1/4 1/4

Ge O 0 1/2

Ge 3/4 3/4 3/4
@DYNINFO

element Ge

fraction 1

type vdos

vdos egrid .0037709 .0377897

Incoherent
elastic

vdos_density .0064216 .0067183 .0070150 H K L dhkl[Aa] Mult. FSquared[barn]
.0074164 0078883 .0078611 .0078339 1 1 1 732667 8 20.8%
#é;g%;mg;zgireoqg;2§h038%484 0 3.1 1 1.78576 24 19.5165
. . . . 4 [¢] 0 1.41434 6 37.4019
3 3 1 1,29789 24 18 2281

Atom data:
Ge = Ge(cohSL=8.185fm cohXS=8.41874barn incXS=0.18barn absXS=2.2barn mass=72.6322u Z=32)

Averaged quantities:

Atomic mass 1 72.6322u
Absorption XS at 2200m/s : 2.2 barn
Free scattering XS : 8.3648 barn

Scattering length density : 3.61634 10"-6/Aa"2

Space group number 1 227
Lattice spacings [Aa]l : 5.65735 5.65735 5.65735
Lattice angles [deg] : 96 96 90
Unit cell volume [Aa”3] : 181.067
Atoms / unit cell : 8
Atoms in unit cell (total 8):
8 Ge atoms [T _Debye=295.348K, MSD=0.00692135Aa"2]

Atomic coordinates:

e 0 1/2
Ge 0 1/2 0
Ge 1/4 1/4 3/4
Ge 1/4 3/4 1/4
Ge 1/2 0 0
Ge 1/2 1/2 1/2
Ge 3/4 1/4 1/4
Ge 3/4 3/4 3/4

Dynamic info for Ge (100%):
type: S(alpha,beta) [from VDOS]
VDOS Source: 425 points
VDOS E_max: 37.7897 meV

HKL planes (d_lower = 0.1 Aa, d_upper = inf Aa):

Conversions from/to other formats supported
by Python/CLI tools: CIF, ENDF, .laz/.lau, ...

Neutron interactions (scatter processes),
Based on this “Info” object.



https://github.com/mctools/ncrystal/wiki/NCMAT-format

NCrystal data library

Browse with performance plots at: https://github.com/mctools/ncrystal/wiki/Data-library

NCrystal

Thermal Neutron Transport

AcrylicGlass_C502H8.ncmat
AgBr_sg225_SilverBromide.ncmat
Ag_sg225.ncmat
A1203_sg167_Corundum.ncmat
A14C3_sgl166_AluminiumCarbide.ncmat
AlN_sg186_AluminumNitride.ncmat
Al_sg225.ncmat

Ar_Gas_STP.ncmat

Au_sg225.ncmat
BaF2_sg225_BariumFluoride.ncmat
Ba0_sg225_BariumOxide.ncmat
Ba_sg229.ncmat
Be3N2_sg206_BerylliumNitride.ncmat
BeF2_sg152_Beryllium_Fluoride.ncmat
Be0_sg186.ncmat

Be_sgl94.ncmat

Bi_sg166.ncmat
CaC03_sg62_Aragonite.ncmat
CaF2_sg225_CalciumFlouride.ncmat
CaH2_sg62_CalciumHydride.ncmat
Ca02H2_sgl164_CalciumHydroxide.ncmat
Ca0_sg225_CalciumOxide.ncmat
Ca_sg225.ncmat
Ca_sg229_Calcium-gamma.ncmat
CaSi03_sg2_Wollastonite.ncmat
Ce02_sg225_CeriumOxide.ncmat
Cr_sg229.ncmat
C_sg194_pyrolytic_graphite.ncmat
C_sg227_Diamond.ncmat
Cu20_sg224_Cuprite.ncmat
Cu_sg225.ncmat
Dy203_sg206_DysprosiumOxide.ncmat
Epoxy_Araldite506_C18H2003.ncmat

Fe_sg225_Iron-gamma.ncmat

Fe_sg229 Iron-alpha.ncmat
GaN_sg186_GalliumNitride.ncmat
GaSe_sg194_GalliumSelenide.ncmat
Ge3Bi4012_sg220_BismuthGermanate.ncmat
Ge_sg227.ncmat

He_Gas_STP.ncmat
Hf02_sg14_HafniumOxide.ncmat
Ho203_sg206_HolmiumOxide.ncmat
Kapton_C22H10N205.ncmat
KBr_sg225_PotassiumBromide.ncmat
KF_sg225_PotassiumFlouride.ncmat
KOH_sg4_PotassiumHydroxide.ncmat
Kr_Gas_STP.ncmat

K_sg229.ncmat
LaBr3_sg176_LanthanumBromide.ncmat
Li20_sg225_LithiumOxide.ncmat
Li3N_sg191_LithiumNitride.ncmat
LiF_sg225_LithiumFlouride.ncmat
LiH_sg225_LithiumHydride.ncmat
LiquidHeavyWaterD20_T293.6K.ncmat
LiquidWaterH20_T293.6K.ncmat
Lu203_sg206_LutetiumOxide.ncmat
Lu2Si05_sgl5.ncmat
Mg2Si04_sg62_MagnesiumSilicate.ncmat
MgA1204_sg227_MAS.ncmat
MgC03_sg167_MagnesiumCarbonate.ncmat
MgD2_sg136_MagnesiumDeuteride.ncmat
MgF2_sg136_MagnesiumFlouride.ncmat
MgH2_sg136_MagnesiumHydride.ncmat
Mg02H2_sg164_MagnesiumHydroxide.ncmat
Mg0_sg225_Periclase.ncmat
Mg_sgl94.ncmat

Mo_sg229.ncmat
Na4Si3A13012C1_sg218_Sodalite.ncmat
NaBr_sg225_SodiumBromide.ncmat
NaCl_sg225_SodiumChloride.ncmat
NaF_sg225_SodiumFlouride.ncmat
NaI_sg225_SodiumIodide.ncmat
Na_sg229.ncmat

Nb_sg229.ncmat

Ne_Gas_STP.ncmat

Ni_sg225.ncmat
Nylonll_C11H21NO.ncmat
Nylonl2_C12H23NO.ncmat
Nylon610_C16H30N202.ncmat
Nylon66or6_C12H22N202.ncmat
PbF2-beta_sg225_BetalLeadFlouride.ncmat
Pb0-alpha_sg129_Litharge.ncmat
Pb0-beta_sg57_Massicot.ncmat
Pb_sg225.ncmat
PbS_sg225_LeadSulfide.ncmat
Pd_sg225.ncmat
PEEK_C19H1203.ncmat
Polycarbonate_C1603H14.ncmat
Polyester_C10H804.ncmat
Polyethylene_CH2.ncmat
Polylactide_C3H402.ncmat
Polypropylene_C3H6.ncmat
Polystyrene_C8H8.ncmat
Pt_sg225.ncmat

PVC_C2H3Cl.ncmat

Rb_sg229.ncmat
Rubber_C5H8.ncmat
Sc_sgl94.ncmat
SiC-beta_sg216_BetaSiliconCarbide.ncmat

Si02-alpha_sg154_AlphaQuartz.ncmat

Si02-beta_sg180_BetaQuart
Si_sg227.ncmat
Sn_sgl4l.ncmat

132 materials (v3.9.3):

SrF2_sg225_StrontiumFluor]
SrH2_sg62_StrontiumHydrid|
Sr_sg225.ncmat

Th3N4_sg166_ThoriumNitrid|

Crystals (108), amorphous
solids (16), liquids, gasses, ...

Th02_sg225_ThoriumDioxide® v
Th_sg225.ncmat

Ti02_sg136_Rutile.ncma
Ti02_sg141_Anatase.ncm
Ti_sgl94.ncmat

Easy universal cfg:

T1Br_sg221_ThaliumBrom.
Tm203_sg206_ThuliumOxid
UF6_sg62_UraniumHexaf1ld
U02_sg225_UraniumDioxid
void.ncmat
V_sg229.ncmat
W_sg229.ncmat
Xe_Gas_STP.ncmat
Y203_sg206_Yttrium_Oxicl

“Al_sg225.ncmat;temp=250K"
"Rubber_C5H8.ncmat;comp=inelas”
- Same physics in all applications!
- Cfg variables documented at:

Y25i05_sg15_YSO0.ncmat
Y3A15012_sg230_YAG.ncmat

Y_sgl94.ncmat
ZnF2_sg136_zZincFlouride.

Small (few kB) file sizes:

Zn0_sg186_ZincOxide.ncma
Zn_sgl94.ncmat
ZnS_sg216_Sphalerite.ncm
ZrF4-beta_sg84.ncmat
Zr02_sg137_Zirconia.ncma

- Optionally embed in binary and
avoid need for actual files.

Zr02_sgl4_Zirconia.ncmat
Zr_sql94 gasiai

Easy to create more:

24

- Hand-write NCMAT file (human readable ASCII, format
well-defined & versioned) or use new NCMATComposer.

- Convert from ENDF, CIF, online crystal DB carbohydrate
chemical formula, Quantum Espresso output, ...

- Request help on GitHub/ncrystal.

Can be converted to other formats:

capabilities!

- To .laz/.lau for McStas
- To ENDF via the NJOY-NCrystal project
- But limited by target format physics



https://github.com/mctools/ncrystal/wiki/CfgRefDoc

NCrystal data library wiki page =~ NCrystal

Thermal Neutron Transport

https://mctools.github.io/ncrystal/ - wiki -» Data-library

NCMAT vi1
#Some comment here...
QCELL
Data library lengths 4.04958 4.04958 4.04958
angles 90. 90. 90.
@SPACEGROUP
225
@QATOMPOSITIONS
Al 0. 0.5 0.5
Al 0. 0. 0.
“= Ni_sg225.ncmat Al 0.5 0. 0.5 A|_59225.ncmat
R.G.Allen 1954 EXFOR 11762002 @DEBYETEMPERATURE

H.Palevsky 1954 EXFOR 11355002

T T T T T
107+ ——— Polyethylene“"CH2.ncmat 7
$  Granada 1987
+  Lee 2020

5o consult the “rookbook” of dgoode, which provides many recip Crystal materials

Data file

[-ncmat) Properties Plg validation

ross section, barn

> \on per atom (barn)

1074 1073 1072 1071 10° 10! 10° 10°

Energy (eV)

To use in Geant4/McStas/OpenMC/Python/..., simply supply
name of material file, along with relevant parameters
like temperature, orientation of single crystal, etc.

Alternatively browse locally with: NOTE: M. Kla.usz = Workmg
on a much improved less

And then: - - -
nctool [-dump|--extract] SomeFile.ncmat static datalib website.




In-memory data NCrystal

Thermal Neutron Transport

With or without a “filename”

Register as virtual file with filename: .
: 1 Load NCMAT data directly: ]

import NCrystal as NC
éggtﬁnh NCHAT v3 a string with ncmat data="""NCMAT v7
lengths 4.04958 4.04958 4.04958 #Don't use this material for anything
angles 90 90 90 @DENSITY
@SSQEEGROUP 1.2345 g per _cm3
@ATOMPOSITIONS CDYRENED

AL O  1/2 1/2 element C

Al 0 06 o0 fraction 1

Al 1/2 1/2 © type freegas

A-l. 1/2 @ 1/2 non
@DEEYETE?SEEATURE NC.load(a string with ncmat data).plot()
NC.registerInMemoryFileData( "MyAl.ncmat",content) NCrystal.LoadedMaterial object
sc = NC.createScatter("MyAl.ncmat") 14 -

= Scattering

. . . === Absorption
Accessing data is of course possible: 12 o == Total

nctool —extract Al sg225.ncmat
NC.createTextData(‘Al_sg225.ncmat’)

10 =

NCrystal conda/pip packages use this to embed
standard data lib files into libNCrystal.
(using CMake -DNCRYSTAL ENABLE DATA=EMBED)

1 per atom (barn)

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Quick one-liner materials NCrystal

. . . . . Thermal Neutron Transport
Especially useful for gas mixtures and highly absorbing materials

» NCrystal's flexible data infrastructure allows plugins to provide one-liner materials, i.e. materials
completely defined by their cfg-string without the need for actual NCMAT data.

» This is best for materials without the need for e.g. unit cell positions or DOS curves.
« The one-liner goes in the “filename” part of a cfg-string.

» Dedicated plugins (currently “freegas”, “solid”, “gasmix”) analyse the “filename” and produces
corresponding NCMAT data on-the-fly (run “nctool --browse” for examples).

« Examples:

“solid::B4C/2.52gcm3/B_is_0.95 B10_0.05_B11"”
“gasmix::0.72xC02+0.28xAr/massfractions/1.5atm/250K"
“‘gasmix::0.7xC02+0.3xAr/0.001relhumidity”
“gasmix::0.7xC02+0.3xAr/1.5atm/250K"”

‘““gasmix: :BF3/2atm/25C/B_is_0.95 B16_0.05_B11”
““gasmix: :C02"

““gasmix: :He/1.64kgm3"”

““gasmix: :He/10bar”

““gasmix: :He/He_is He3/10bar”

“gasmix: :air”
“gasmix::air/-10C/0.8atm/0.30relhumidity”

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Python tools for material compositon

The subject of several Jupyter notebooks.

Thermal Neutron Transport

* NCrystal includes Python tools for creating new materials.

Online DB -
CIF files

<CIFLoade>
Manual data entry .
(00 interface) T &
NCMATComposer -» NCMAT data
L cig-siring: Sl
@nDOSA@
| QuantumEspres=o g

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
N HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

Try it in the notebook:

"Data infrastructure and standard data
library”

,’upyt\; Jupyter tutorials at:

\ https://github.com/mctools/ncrystal-notebooks/

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782
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algorithms




NCrystal

Thermal Neutron Transport

A small recap of

Thermal
Neutron
scattering
theory

KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
%, ‘,: HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Thermal neutron scattering: NCrystal

Rich connection to material structure Thermal Neutron Transport

Thermal neutron 6000F " _ . '
LN
wavelength N
=~ interatomic distances. 4000 g
= Sensitive to atomic g 8 crysta
positions ~——— S w0l =
= l
Thermal neutron energy 5 l. L__l L, S l } l A ¢
~ material energy levels e L L | Y amorphous solid or liquid
=>sen5|.t|ve to material R T | /R e I Aars Snars ears mne |
dynamics x 26 (°) a (A"
Elastic peak f—o) Thermal neutron scattering a
Quasi-elastic xS, w uniquely useful tool for under-
® [Clectroni standing material structure
r\.._; ‘é. vibrational ‘ / g
(opticmode) n e
—e—>—0

phonons

S(Q,m)

(acousTicmode) On the flipside it is impossible
to ignore material structure

in MC simulations!

rotational

0.1 1 10 00

1000
doi:10.1051/epjconf/

201818805001
KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
%, ‘,: HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782

1
ho (meV)




Thermal neutron scattering NCrystal

Thermal Neutron Transport

(ignoring polarisation)

oo ()
k, E \

Normally OK to assume neutrons
travel as free waves between
interactions = simplifies analysis
and Monte Carlo simulations!

k=p/h, §=k; — ki, AE=E; — E; = —hw
A =2n/k, 2E = m,v? = p*/m,, = K*k*/m,,

Probability to scatter to given Ef given by differential cross section:

Scattering

— <— funcii
---------- )yt/- e S(q,w) T Duen;gr?gson

1
d20-—’ =4 - '
k. =k k‘ 1 1 o B .y e layout and
T0dB, ~ hizeh 2 bibi / di(e ™" Ry (T Ri (D)) e =H0% aynamicsof
) B 1 target particles.
J f 7’: = \ / : Does not depend
Correlate position of nucleus j at time 0 on state of

5cattering |ength ijth nucleus with pOSition of nUCIEUSj, at time t. incident neutron.
(depends on isotope & spin state) = Neutron X.S. depends on material structure!!

Scattering cross section depends on interference from
E scattering on different atoms, not just sum of 1-atom scatterings!!




NCrystal

COherent scat. Ien. (bcoh) for select elements Thermal Neutron Transport

X-ray strength increases with Z, neutron strength various across isotopes:
X-rays

. absorption
Atomic number

1 1

X-ray
cross ° e @ . . .

section
Al Si Fe

Neutron
cross . . . ® o ° .

jway Buiieneds

-u0J1Nau/50/810Z/Wo310dsbolg-aiodataduaidspliom//:diy wou) sbew

scattering

section Neutrons
(bcoh)
(
Note: hydrogen has huge a1 /’//@/
incoherent scat. len. (b. ): _ //

inc

scattering

KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
FEIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Split in coherent / incoherent NCrystal

. . . . Thermal Neutron Transport
NB: This is unique to neutrons, absent for x-ray scattering!

Most target systems can be split into statistically equivalent subsystems (e.g. unit cells for

crystals). Average contribution per sub-system: I
Average shorthand for (e '

R 1N/oo r'd

/o —iwt
(only nuclear charge (2) S(Q, C()) = b]bj/ dt (] i ])8 @
important for structure, 27Th —00
not isotope/spin state) j.j=1
) W |b;-by, forj#£j )
Using by = {5 °" . N ; and reordering terms:
7, orj=j
Coherent:
N . N * Keep pair-correlations as in full S(q,w)
S(Q, w) =Scon(Q, w) + Sinc(Q, w) * Plug in per-element scat. lengths, which
1 N o are the averages of isotopic/spin scatlens
= _ e of . —l t
Scon(Q, ) = Z j dt(j,j)e ™ Incoherent:
27Th O Ny —00
Jii'=1 o

9 * No pair-correlation, no interference!
1 N / (but still indirect dep. on mat. structure!)
- —/ . . .
— 2 o —iwt * Just sum up separate contributions.
Sinc(Q, w) = > (b- — (by) ) de(j, jle ™ Just sum up sep .
* Plug in per-element scat. lengths which

=1 e . : . :
L \ are the variances of isotopic/spin scatlens
Always 0 in X-ray scattering!

KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
FEIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Elastic versus inelastic scatterings NCrystal

Thermal Neutron Transport

(in the sense of AE=0 and AE=0)

* Mathematically speaking, elastic scattering means factors of delta-functions: 6(AE)
* O(AE) appears as result of static (i.e. time-independent) correlations between atomic positions:

N
5(@, w) = Lh Z bjbj/ /OO dt(j’,j)e_iwt Fourier transform of static term

gives &-function in energy
1 ©¢

foo / \

(e~ 1Ry (0)i0 Ri(0) dte™”" = 2w hd(hw) = 2w h8(Er — E;)

(positional pair-correlations) 00

R BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
&, ¥ 5 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



NCrystal

In Summary: four S(a'w) components Thermal Neutron Transport

S(a'w) = Scoh,inel(a'w) + Sinc,inel(a'w) + Scoh,el(a'w) + Sinc,el(a'w)

\*

solid systems only




NCrystal

Thermal Neutron Transport

NCrystal
elastic physics
algorithms

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
o " %3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

S_. _(q.w) in crystals: Bragg diffraction! mermaineion ansport

coh,el(

Microscopic scatter function:  sum over “crystal planes” Q) = Z b_ie_Wi(é) piQ-Bi
i

4

3 2W=82¢?, 6=atomic
—— (2 )’6(hw) = . I ,
Seon(Q, @) = - E 8(Q — Thu) |F(Thia)| displacement
uc
hkl / unit cell structure factor
unit cell volume

depends on layout

lane normal with magnitude 2mt/d . .
P 9 hkl of atoms in unit cell

Macroscopic values are found from convoluting microscopic values with
crystal grain distributions —» geometrical problem!

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
o " %3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Bragg diffraction in powders NCrystal

(a n d textu re-free po ch rysta Is) Thermal Neutron Transport

Based on provided HKL planes with d-spacings and
structure factors, the implementation is straight-forward.

Care is taken to be extremely fast O(10ns/call), even in
case of huge number of planes.
Currently no texture/grain-size effects.

Totall
7771 Bragg diffraction Geant4 free-gas model Geant4 with NCrystal
: (wrong MFP, wrong scatter) =Debye-Scherrer cones

Beryllium oxide powder
NCrystal v2.0.0

180°
=}
—_
<
£ 150°
=
o]
2
9
Q
w0
A 120°
S )
& 2
<
2 900
=
Q
|5
E
<
3
n

60°

8ol P ]
Neutron wavelength (A)

B(‘\'}'Ilim:n oxide powder
- : NCrystal v2.0.0
There is interest in extending this to textured materials as well! ’ y 4

Neutron wavelength (A)




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, filters, samples Thermal Neutron Transport
Handles also large mosaicities and backscattering!

o a=m/2—0g =25 0 =0.0166667°, T = 50 =gl —-=0,0=1,7r=56c
T T T T T T T T T T T
e e, = Simple approximation 30f gt R PR feeens = Simple approximation
SmaIImOSGICIty —— NCrystal default CIose to ——— NCrystal default
JET) S K bCleSCGl’. """ Iml_’m"(‘d f‘l’Pl'OXil?lf‘fion i ol backscatter" n g ---- Inlgrovcd 'flppruxixlnation .
B H : Reference integration = ; i : . Reference integration
£ ‘ /\ : g f P S i : : : :
] / i\ : E i AN 5 ‘ : ‘ :
5] : H . S : 4 : : H . H :
‘ / -\ Simple: OK g 20 et A ST Ples- Fails -
| AR . E - TSN P
2100\ Improved: OK| S - // \ Improved: ~OK
/ \Num.Int.:OK| ¢ Y - \\ Num, Int.: OK
2 ; \ ‘ g i : : ¥ : ; : :
o) ! : \ : oo rl: A
2 [} : : < : Bk :
z / : \ ‘ e & 7 A s S AN
Z s00f- o Rromsasiecs R S g ¥ i\
A / : \ : - £ \
/ ‘\ ‘,‘/ J \\
/ : \ ] =/ D\
/ § b ) " . - . N |
: 24‘.‘05 25600 25.?)5 UU i é :’» -I1 "3 Gr 7 8
a=af2-p=28, 0= 7=50 a=af2-0g=1°%a=1%7v=05z
o T ’ ’ T : ? ? : ’ ’ ’
] : { e ., i = Simple approximation . Extre me ; —— Simple approximation
Large mosa’C’ty —— NCrystal default H ) | —— NCrystal default

The tricky pa rt* is the integ ration of mosaic not backscat ----- TImproved approximation = ’E:I'backscatter lng ----- Tmproved approximation |

g 8- Reference integration B R ‘ ‘ ‘ ‘ Refereuce‘iutegratiou‘
density along circle of Bragg condition. simple: ~OK_ N NN : __Simple: Fails :
o " peak |\ Improved:OK| =  \ | ~ Improved: Fails
. | 3 Num. Int.: OK| = =\ ~ Num.Int.: OK
*: Once contributing normalg ... shjt:. - o\ N S . I I B\ o T o T
Have been identified. £ : z
fg Q: 1| SECRUNEETTUSORIEY NSRS . W INY | N NN NS T AR M

Simple closed-form approx.

valid for small mosaicity R % % % % m % T 2 3 O G
(and not backscattering): Angle between neutron and normal (°) Angle between neutron and normal (°)
OBrags(0,7) = @ X —— exp [—305 /07 | erf [ 202 | “\smy 1/ @n0?) Code picks appropriate method from:

do = |a =] Our improved form extends validity * Our closed form approximation




Special anisotropic model for Pyrolytic Graphite NCWStaI

i Th (] T
PG often used as filters, monochromator, analyser ermal Neutron Transport

90°

Layered crystal model:

: :
Pyrolythic graphite
1° mosaicity (FWHM)

* Usual Gaussian mosaic distribution is 80° N h
“smeared out” by rotation 700l AN
* Exhibits both single-crystal and powder N -
60° |- - =
features. 2 il g
500 -, g
« : 2
Q L 4—_:’
4001 A o
30°0 | Qg)
20°| . Resulting cross se io
o | = both SC and “powder
| features |
0° A & ! L L ! !
0 1 2 3 4 5 6 it
Neutron wavelength (A)
30 T
XX Reference :
x 25 Ff == NCrystal default | ... . R S ¢ m
Features: /é\ Ngrystai e=10"% : :
E | == NCrystal e =10"7] ...
* Cross-sections determined S |
by efficient pre-search followed E
by fast Romberg integration of ;
non-layered single crystal code. 1 Ml d 1 A
* Features realistic transmission probabilities a0 e R A 1 S
and multiple-scattering effects (incl. “zig-zag walk”) IR ST TR 11T
=]
g 107
£ 1070
o 107 T

Neutron wavelength (A



NCrystal

Single crystal model validated Heral e Eron TraRsport

G(‘,rmaninm-.Sll ' Analytical approximation (Sears, 1997)
_ 4° mosaicity (FWHM) : ~ o Monte Carlo (Wuttke, 2014)

Validation includes: 40| = s Bl itclisiee: i
* Against existing codes (Wuttke2014) or | 1 osoea, | |
analytical results (Sears1997) in their N _— AR Y Y |

domains of validity.

* Against (very) slow but simple+precise
implementation (using mpmath high-
precision math module)

* Technical validations (zig-zag, “powdered”)

[\
[e=]

Idealised reflection probability [%]
=

40 = T T T T
: 1 =—— Reference P P d ® 2000 2800,
= BE = TR [ Gaussian approximation § 74° 76° T8° 80° g9° 84° 86°
S . 2 . i
o 30F 25.1° -+ g5.2° Improved approximation 4 Incident angle (90)
% == (oS acaut C 0p = 45°, A 10A; M, Is (FWHM) 14
Sermanium-511, 0 = 45°, X = 1.540A; Mosaic spreads (FWHM): 0.01°, 0.5°, and 4°
& 25k . : —— NCrystal € = 1077 1 100 -
1=
o0
£ 20 ]
/m .
E 15 a=m7/2—0p =25 E 20
= c=1°17=50c
5} E E
g 10
15
& 5 E Analytical approximation (Sears, 1997)
Monte Carlo (Wuttke, 2014)
0

e Monte Carlo (NCrystal)

Idealised reflection probability [%]

Relative difference

20° 22° 24° 26° 28° 30°

Neutron incidence angle (7y) {)071 1(.)0 e

Thickness (cm)

RALMN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
EEIN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



Technical checks for consistency of single crystal NCrystal

Thermal Neutron Transport

codes (should also hold for texture models)

Powdered crystal

Al1203 (sg167, Corundum)

1° mosaicity, 10° samples per point

In principle an isotropically illuminated|

single crystal should on average give

s ®  Single crystal (isotropic average)

powder-like cross-sections.

ot

In practice, a lot of edge-cases and
details have to be treated correctly in
the SC code before this happens!

| S]
—_
o

= ]

—_
[ ]

Cross section (barn)

1.0

Another check is that consistent SC

codes should provide “zig-zag walk”

0.0
(

D
Neutron wavelength (A)

Thanks to the DMSC cluster for help
with this brute force validation.

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

can reprOduce PG transmission spectra! Thermal Neutron Transport

—— NCrystal (all physics)

100 |—o ' N """"""""" ——— NCrystal (Bragg only) |

——— Simple rotation model

= o Data (Frikkee 1975)
G | (] BN A T 1 | Vvalidation also includes:
= * Comparison against (very very)
= : : : 5 : 5 slow but simple+precise
SR 1] SIS e e e : : - implementation.
= : : : . s, : e . .
A ‘ : : : * Verification that cross section
.5 : : |/ maxima structure matches
& sl . . predictions (Frikkee1975).
g 5 : | * Technical validations (zig-zag,
g s “oowdered”).
= | ; , 0 | ; ¢
/1] ST T TR, o | SR T T B
Pyrolytic Graphite : : : : :
1.4° mosaicity (FWHM) h . : :
Thickness: 16mm/cos 6, J S
Neutron \ = 2.929A : O : : :
0 L | | | 1 ()
0° 10° 20° 30° 40° 50° 60°

Neutron incidence angle ()

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Embedded “Mini MC” also supports single NCrystal
CryStals (here Si1 1 1 monoch romator) Thermal Neutron Transport

$> nctool --mc 5.0Aa 1lcm \
“Si sg227.ncmat;dirl=@crys hkl:1,1,1@lab:0,3,1;dir2=@crys hkl:0,0,1@lab:0,0,1;dirtol=180deg;mos=1deg”

10° 5.0Aa neutrons through 1cm diameter sphere

106 3

1054

104 3

(arbitrary units)

MULTISCAT _OTHER (0.0859%)

“Zig-zag” multiple scattering effect B SINGLESCAT_INELAS (0.548%)
enhances both transmission and B MULTISCAT_PUREELAS (2.31%)
the SC Bragg reflection B SINGLESCAT ELAS (20.3%)
I Transmitted (74.5%)
1072 Absorbed (2.29%)
0 30 60 90 120 150 180

Exit Angle (degrees)

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




o NCrystal
Pyrolytic graphite in “Mini MC” Thermal Neutron Transport

$> nctool --mc 3.5Aa 1cm """C sgl94 pyrolytic graphite.ncmat
;dirl=@crys hkl:0,0,2@lab:0,3,1;mos=0.2deg;
;dir2=@crys hkl:1,1,1@lab:0.1,0,1;dirtol=180deg"""

10° 3.5Aa neutrons through 1cm diameter sphere

106%- me MULTISCAT_OTHER (0.523%)
| mmm SINGLESCAT_INELAS (2%)
105 4 ™= MULTISCAT_PUREELAS (1.82%)
{ mmm SINGLESCAT_ELAS (10.5%)
:@ 4] B Transmitted (85.1%)
€ 1073 Absorbed (0.0759%)
- ]
5 10+
.E 3
s ]
2 102
wn 3
g
Q
-E |
— 10% 5
10°

0 30 60 90 120 150 180
Exit Angle (degrees)

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



mailto:dir1%3D@crys_hkl

, . NCrystal
In CO h e re nt-e I a Stlc Scatterl n g Thermal Neutron Transport

O-' . .‘ ~ . - .
S / \ :

t 2
Get Debye-Waller factors (or &2) P(,u) — Nt exp _'u 41d

from phonon DOS (or Debye temp.).

P — W, 100K - 8¢, 100K —— V, 500K

{mmme W, 300K Ti, 300K Ag, 500K
102 kLS o e W, 500K V, 300K Sc, 500K |
= Ti, 100K Ag, 300K Na, 100K

: == Se, 300K ==== Na, 300K

: N N
ER AL\ N\ e S - Not
% AR - always
S 1ot f " R e T completely
= | i R s isotropic!!

1072} values of tin
select

o ol : : : :
0 materials 5 6 7 8 9 10
Neutron wavelength (A)

—1.00 —05.75 —05.50 —0:.25— O.i)() 0.225 0.i50 O.i75 1.00
cos(0)=p distribution
(isotropic=flat)

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




Incoherent-elastic model NCrystal

Thermal Neutron Transport

- crucial for many materials

Total
Total w/o incoherent elastic

Vanadium (NCrystal) :

Incoherent elastic

Absorption

Inelastic

(1973) V. P. Vertebnyj, et. al. -

(1954) R. G. Allen, et. al.
(1954) H. Palevsky

=) (1953) H. Palevsky
"Ca P iaa N Y
e
- : : : :
e o s < s . 5 i & - i it o
® RSN REEE R v US04 UOURE SO IOEOE SO OO O - 10 - Py )
2 et e e e NN B S TO00g. i e i e i e S " Nickel (NCrystal) i i b gga]
7 SRS ; —— Total w/o incoherent elastic
8 =~ Incoherent elastic
O === (Coherent elastic
= Absorption
= Inelastic
o
+

107! 10°
Neutron energy (eV) :
108 |4

Cross section (barn)

10+ i 107!
Neutron energy (eV)

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
b " %3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

First half of the notebook:

“Creating materials and the
NCMATComposer”

(to “Specifying dynamic information”)

j.u u:r Jupyter tutorials at:
o https://github.com/mctools/ncrystal-notebooks/

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

NCrystal
inelastic physics
algorithms

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
o " %3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

Inelastic physics : Scattering kernels

5(Q, w) = coh(Q w) + Sinc( é

N
Z / dt(] je —la)t

j.Jj/=1

ZN:( b; )f_oo dt (j, je= !

o0

W
(]
o
=
A
|||

d’ Ul<,:>l<f . kf Lﬁ
ds2 f dEf ki ,
2mh

SII‘IC(

Under some assumptions S(Q,w) can be described with a single “smooth” 2D function

(one per atom type):
* Elastic scattering is dealt with separately (as it is in NCrystal).

* Isotropic material (Q dependency becomes scalar Q)
« Incoherent approximation: Off-diagonal entries in S_, wash out when integrating

over isotropic grain distribution, so shape(S_ )~shape(SmC)
Tabulate this function on a grid — scattering kernel.

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

Scattering kernel and connection to neutron

S(q,w) ~ S(a,B); a: dimensionless g2, B: dimensionless w (~AE)

“Detailed balance”:

Boltzmann factor + identical
strength of phonon absorption &
emission » Symmetry around
B=0, given by S(a,-
B)=exp(B)S(a,B)

?z_

B>0

=

(up scat.) . . . .
B} B-projection of kinematically
Il . .
5" accessible region = energy
B<0 kinematically, transfer spectrum (green):
- — 015 -
(down scat:} accessible region Loy i =187
for 1.8A neutron ' Fy S
. | i 1 .l.
> (expands with 0.10 //,' \ .i
neutron energy) free 1 |
A
3 0.05
-
_4 S(SL,JB) (2924, ££-']f§)f]) =i 0 1 2
: - . - - - > 0.00 AE (units of kT=25meV)
a_) alpha

RAL BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
N HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Formulation in dimensionless variables: a,B  1cimaineutron Transport

(q,w) preferred in neutron scattering community, (a,) preferred in nuclear industry (incl. MCNP, ENDF, ...)

o ' > h2 5 Scattering lengithsitalken outside
a: dimensiionless q* P 57 definitionof's: <
- dimensionlless AE "
@ _E—I—Ef—Q,u\/EEf d20' o Ef Jp S(Oé,ﬁ)
Ef—E ol KT )= cosb dE;dQ ~ NV E 4r kT
_ e S — 2K E E
g kT kT :WJFB—?M\/W(WJF@

Total cross section, with explicit kinematic limits: :
p=-1, complete backwards scattering

o kT ai (E,B)
_ devd
o(E) / o [ S(a.p)dads

. B J_ o (E,B)
constant affects o(E), / \

p=+1, complete forward scattering

but not (a,B)-sampling neutron lose all its energy

kinematically accessible

E + 2\/ + B) =— regionis a parabola in
( B) B G kT 5) the (a,B)-plane

RAL BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
N HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




25 A

20 A

154

10 4

Solids: Scattering kernels are connected to phonon frequency

spectrums (aka Vibrational Density Of States, VDOS)

Al: VDOS

| Aluminium

[ A

£ ¥ |

00000

e

0 10

20 30 40
Frequency [meV/hA]

PE: VDOS

H-in-PonethyI%ne

Each element
has its own

“partial VYDOS”

1.0

0.8 1

0.6

0.4

0.2 A

0.0 A

1.2

N

1.0

0.8

0.6

0.4

Fe

: VDOS

a-iron

AL fk\

g

X”W\

0 10 2
Freque

V:

0 30 40
ncy [meV/h]

VDOS

0.08

0.07

0.06

0.05

0.04 4

0.03 {3

0.02

0.01 o=

0.00 -

PG: VDOS

Graphite

LA

0 50 100 150 200
Frequency [meV/h]

Vanadium

NCrystal can expand VDOS to
scattering kernels on-the-fly
in O(100ms).

AN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548 N c r'ysta I
L9t HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782
Thermal Neutron Transport



Phonon spectrum (VDOS) sources

NCrystal

Thermal Neutron Transport

VDOS is not specific to neutrons! e :
— Many resources exists oiga

Materials id 149 / Si / Fd-3m (227)

A -\ - 3
. A ST el 2 ™
« Date page updated: 2018-4-17 L . ii‘}{‘ : _’ 3 .‘\} ("fﬁ }A} ( oo oy
* Space group type: Fd-3m (227) /F4d 23 -1d " ‘ '. 5 .’ i AT - 5L
e Number of formula units (2): 8 ‘A ¥ gty -
« Phonon raw data: mp-149-20180417.. tar .1zma " 2-._“ s }"r1 MOIecu Ia r
o Link to Materials Project: https://www.materialsproject.org/materials/mp-149/ " N o
0§ . Dynamics
Phonon band structure b/ S

% |

Frequency (THz)

VDOS can also be measured
experimentally...

Wave vector

.. or dug out from old

Phonon DOS
research papers!

_ 12+
2 g or Or a combination, potentially
e z using other SW (QuantumEspresso /
£ E i VASP / phononpy / Oclimax/ ...)

g ,l

0

0 2 4 6 8 10 12 14 16
Frequency (THz)

Davide Campi’s lectures at
the 2023 HighNESS school
contains more information:
https://indico.ess.eu/event/3096/

(@uunmumspnfssu

Many VDOS curves need
a bit of processing and cleanup
to be used.

This can be done in Python
using the PhononDOSAnalyser
class provided with NCrystal.



http://phonondb.mtl.kyoto-u.ac.jp/
https://indico.ess.eu/event/3096/

NCrystal has unique features

for using scattering kernels

NCrystal

Thermal Neutron Transport

« Given S(a,B) values on a grid (a,[3) and a neutron with energy, E, we must define

suitable interpolation scheme to provide S(a,B) for any (a,B) value, and be able to:

ab A

1) Estimate scattering cross section: o(

2) Sample (a,B) values randomly within the klnematlca
accessible region, with density proportional to S(a,[).’

* This must be done accurately and with reasonable
computing resources! Tricky part is sampling.

A

at (B, 5)

(E,B)

* NCrystal has novel method for accurate+fast

sampling, without ACE-like discretisation, with
attention to near-endpoint sampling (crucial

for ultra-cold neutron moderator studies). ELSEVIER

www.elsevier.com/locate/jcp

* We have ideas to further improve this
(make it faster, remove remaining artifacts).

2 Technical University of Denmar
ERIC, Sweden

b European Spallation Source
¢ Nuclear Data Group, Neutron

Rejection-based sampling of inelastic neutron scattering

X.-X. Cai*P* T, Kittelmann P, E. Klinkby ®-", J.I. Marquez Damian ¢

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782

'k, Denmark

Physics Department, Centro Atémico Bariloche, CNEA, Argentina

NCrystal

Thermal Neutron Transport



et o < o g
o w 'S 33 =

RMS atomic displacement, (A)

o
e

no phonon DOS specified?

How we handle materials with

NCrystal

Thermal Neutron Transpo

T
Na (149K)

- Sr (101K)

Ba (90K)
Ca (v) (181K)

—=- Pb (88K)

F in BeFs (206K)
Ca (207K)

- Clin Sodalite (223K)

Mg (280K)
Cu in Cuz0 (189K)

- 0 in Cuz0 (386K)

Na in Sodalite (326K)
0 in U0, (398K)

- Be in BeF2 (547K)

Zn (214K)

T
Sn (159K)

= O in CaCOj3 (479K)

0 in Si02 (515K)
Y (212K)

- O in Sodalite (523K)

Al (410K)
Sc (322K)

- Ag (208K)

- Cain CaCOg3 (373K)

Cin CaCO3 (717K)

- Au (167K)

< Oin SiLuz05 (615K)

Ge (281K)

- C (Graphite) (741K)

V (346K)

ur 257K)
- Fe (B-iron) (335K)
= Cu (315K)

—— Ti (378K)
~=- Siin SiO2 (516K)

- Si (518K)

—— Nb (288K)
~- Pd (270K)

- Be (1088K)

- Luin SiLuz05 (216K)
<~ Al'in Sodalite (599K)

* Siin Sodalite (593K)
Pt (217K)
O in MgO (829K)

—— U in UO2 (398K) N

O in Y203 (843K)
. b

T
Ni (412K)
Mg in MgO (683K)

Si in SiLuO5 (632K)

Rb (355K) ] 0
- Fe (a-iron) (444K)

Y in Y203 (363K)
—— Cr (530K)
- Oin AlO3 (1055K)
“eest Mo (414K)
—— Alin ALOj (853K)

W (345K)
C (Diamond) (1920K)

100

200

300 400

Temperature (K)

500 600

700

800 900




VDOS - S(a, )

[solids]

Thermal Neutron Transport

Inelastic scattering cross section for Beryllium Oxide (NCrystal v2.0.0)

| I | |
| ENDF/B-VIII kernel (fixed T) 1200.0K
———— = From phonon DOS (vdoslux=3)
------------- From Debye phonon DOS
4 - R,
Perfect fit! ~\ ISR LU
c (even Debye model -, e
© by RS
) is/not far off here) o> o
c 3 7 2
RS
k¥,
a
a 700.0K
3 2 —
b 29 .n*l
S \u‘/‘«,\o““ T 600.0K
‘zsu"n.u““,“‘ s-‘/ M
-“/.‘fﬂ/ M 5000K
11 or — - e
T — § 400.0K
-——--""-‘-
293.6K
0
0 2 4 6 8 10

Neutron wavelength (A)

BeO, Energy transfer in scatterings at 1.8 Aa (NCrystal v2.0.0)

Free gas model
From Debye phonon DOS
From phonon DOS (vdoslux=1)

LT

From phonon DOS (vdoslux=3) |
From phonon DOS (vdoslux=5)
ENDF/B-VIII kernel

\ | \

|

A Energy transfer distributions:

Debye model misses details, but
much better than free gas model.

“

\

0

100

200 300 400 500
meV

BeO, Scattering angle in scatterings at 1.8 Aa (NCrystal v2.0.0)

| I I |
Anqular distributions:

\free gas model very wrong.

Debye model surprisingly good,

n o]

..--—-"‘""<
w“
™

N L

Free gas model

From Debye phonon DOS

From phonon DOS (vdoslux=1)
From phonon DOS (vdoslux=3)
From phonon DOS (vdoslux=5)

ENDF/B-VIII kernel

I I

Ny

I ]

ATRRETY

-0.75 -0.50

-0.25 0.00 0.25 0.50 0.75 1.00
cos(6)




NCrystal

Thermal Neutron Transport

VDOS - Scattering kernel

(the Sjolander method)

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
b *‘3 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




o NCrystal
VDOS - S(a'B) Thermal Neutron Transport

ARKIV FOR FYSIK Band 14 nr 21

Communicated 14 May 1958 by Ivar WaLLER and ErRik RUDBERG

Multi-phonon processes in slow neutron scattering

by crystals

By ALF SJOLANDER

With 12 figures in the text

ABSTRACT

The multi-phonon processes in incoherent scattering of slow neutrons by crystals are dis-

cussed, assuming the harmonic approximation for the crystal vibrations. The differential scat-
tering cross section is expanded in the Hermite orthogonal functions and approximate express-
ions for the cross section are derived. Extensive numerical calculations have been carried out
to illustrate the accuracy of the approximations made. An approximation for the total cross -
section (the mass-ratio expansion) suggested by Placzek is discussed and in some respects
generalized. The approximations for the differential cross section mentioned above are also
used to derive approximate formulae for the total cross section valid for cold neutrons but
arbitrary temperatures and mass ratios.
Introduction

The basic ideas of the theory of slow neutron scattering by crystals were
developed by Wick [1], Pomeranchuk [2], Seeger and Teller [3] and Akhieser
and Pomeranchuk [4]. A quantitative account was given by Weinstock [5], who
discussed the temperature dependence of the total scattering. Afterwards the
formal treatment was completed especially by Froman [6]. He separated the
scattering into phonon processes and consistently used the analogies with X-ray
diffraction. An alternative method, very convenient for calculating the total
scattering cross section, was later suggested by Placzek [7]. Recently the theory
was reformulated by Glauber [8] and Van Hove [9] making it more surveyable.
They derived closed expressions for the differential scattering cross section,
which seem to be a convenient starting point for quantitative discussions. Van

Hove also generalized the theory to general systems of nuclei, as for instance

liquids and magnetic materials. A large number of experiments have been per-
fammnnad and dhana smaainles annfinme dha haaia Af 4ha thannatiaal fnnadmmand 10 107




Al: VDOS ==

—— T=50.0
A G1(w) —— T=100.0

VDOS-S(a,[3)
Sjolander’s recipe

50

f(w) —— T=200.0

40 l (temperature — r-uoo
——— T=700.0
dependent)

30

20

8
6
4
2
°1 101 ;
20 30 40
Frequency [meV/h.

th (fw)—1
6 (w) =g o }

—0.04 -0.02 0.00 0.02 0.04 [eV/A]

i .
Gy (w) = f g (w—0') 6 (0)da, | T=293.15K G1(w)/
— o0
o0 Gz(w)
Grir (@)= [ glo—0') G, (0)dw'. : G,(w)
i . i G,(w) 1
2W=5°q?, 5=atomic displacement | Gs(w)

| 2 inel
& D :\A _k" e Y Z Ll G (0 — wo)

-h(w-wo)/kT=AE/kT=B

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




VDOS-S(a,B): Aluminium (0 | NCrystal

https://github.com/mctools/ncrystal/wiki/VDOSAnimations " Thermal Neutron Transport

15

15

15

10 A 10 4 10 A

Al: VDOS 54

beta
{ =)
L= 4
=

2
—10 A —10 A

10

20
Frequency [meV/h]

T =15 T T T T T T T =15 T T T T T T T
350 400 0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
alpha

alpha

=15 T T T T T T
0 50 100 150 200 250 300
alpha

15 15

15

10 1

10 10

beta

e “Luxury” in this expansion (grid density, orders
i expanded, etc.) controlled by single high level : : : ,
0 50 m ” . 200 250 300 350 400 0 50 100 150 200 250 300 350 400
cfg parameter “vdoslux” = easy to modify for .. alpha
any user (see backup slide for details).
Default value is of course sensible. - . ] . ]
. "Connecting phonon DOS curves to inelastic scattering”

t
64 Jwr notebook at https://github.com/mctools/ncrystal-notebooks/




NCrystal

Thermal Neutron Transport

Miscellaneous subjects:

- Computational speed

- Amorphous solids

- Flexible atomic definitions

- Multiphase materials + SANS

- Coherent elastic phonons

- Support for developed plugins

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
L9t HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



NCrystal

Strong focus on computational speed T NeutronTransport

| RO, IR
: ! Bragg (l;yered single c.rystal, I mos.l7 e=1073%) Rough conclusions for MC
Bragg (layered single crystal, 3° mos., € = 107°) | | simulations with thin

1073 Bragg (single crystal, 1’ mos., € = 1073) = samples:
= Bragg (single crystal, 3° mos., ¢ = 10~9) { |+ 0O(1-100MHz) neutrons
.g -4 Bragg (single Crysta.l, 3°‘mos., e =1079) _ per thread in powder
4%‘ No isotropic approximation for djr < 0.4A  0(0.1-10MHz) neutrons
TE Including scattering evlent sampling I(Worst case) ] per thread in sin gI e
2 1075 Inelastic s crystal (depends on A)
8 \o\ol'u Incoherent elastic
é \ V\ Bragg (powder)
% 10°° : 1 Baseline —1 | Material initialisation time
5 0,0 o &o o oo o o o -« o o { | alsovery strong focus.
2107f ¢ e s dae . | T e oo o . e _ |  ° V3.9.0introduced several
g ‘ ~ ] speedups and the option
- P ; for multithreaded

10-8 Wmmwﬁu—\m initialisation.

* Most materials initialise
. in <200ms (many <10ms)
Sl T— T 2 3 VN 5 6 7

Neutron wavelength (A)

BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Am O r p h o u s so I i d s Thermal Neutron Transport

Phonon DOS (VDOS) for H in Polyethylene CH2.ncmat

* Uses same inelastic and incoherent-elastic PE VDOS (hydrogen)
approach as for crystalline solids. sa-~Madelled by-Hemal Ramie.
* Coherent-elastic scattering via incoherent ool

approximation for now, best for materials with
lots of incoherent scattering like H-rich ba

materials (but see next slide). O_Z_M T k

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40
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Easily model any hydrogen-rich

amorphous solids (CLI tool)

NCrystal

Thermal Neutron Transport

DFT/MD modelling of amorphous materials can
be difficult and time consuming.

Recent paper (Romanelli et. al., 2021) provides
trustworthy and cheap alternative for
hydrogen-rich materials.

Relies on universality of hydrogen vibrations in
different materials: Overall hydrogen VDOS can
be composed from list of hydrogen bindings.
We provide script for setting up NCMAT files
with this.

Journal of Physics: Condensed Matter

PAPER
Thermal neutron cross sections of amino acids from
average contributions of functional groups

Giovanni Romanelli' {2, Dalila Onorati®2 (%}, Pierfrancesco Ulpiani® (), Stephanie Cancelli%,
Enrico Perelli-Cippo®, José Ignacio Marquez Damian?, Silvia C Capelli', Gabriele Croci®$,
Andrea Muraro®, Marco Tardocchi® « Show full author list

Published 31 May 2021 * ©@ 2021 [OP Publishing Ltd

Journal of Physics: Condensed Matter, Volume 33, Number 28

Citation Giovanni Romanelli et al 2021 J. Phys.: Condens. Matter 33 285901

DOI 10.1088/1361-648X/abfc13

References

Example (polystyrene):

e 1 aromatic ring with 5 H

e 1 CH2group
e 1 aliphatic CH binding

|
__cl;_(I;__
H H

$> ncrystal_hfg2ncmat --formula C8H8 \

--spec 5xCHaro+1xCHali+1xCH2 \
--density 0.99 -o PS.ncmat

H in PS.ncmat
- 40
X X% X e
N 1l bl { T
X 8 30
x| X x =3
X = §
x i)
X )i(‘l X 2
% % | %X 2 20
2
J °
oxox X ! S
R 5|
X X A
Xy 10
x
a— X x—X
e 3 ¥ l
» 2

100 200 300 400
Frequency (meV/h)

Neutron wavelength [angstrom]




NCrystal

AmorphOus materials in data Iibrary Thermal Neutron Transport

Total scattering+Absorption

100 ] === AcrylicGlass_C502H8.ncmat == = Polycarbonate_C1603H14.ncmat N
=== Epoxy_Araldite506_C18H2003.ncmat == = Polyester_C10H804.ncmat ."®
e Kapton_C22H10N205.ncmat == s Polyethylene_CH2.ncmat P s
== Nylon11l_C11H21NO.ncmat == 1 Polylactide_C3H402.ncmat .1* e
== Nylon12_C12H23NO.ncmat = = = Polypropylene_C3H6.ncmat .® . an® s * P0|yethy|ene and
=== Nylon610_C16H30N202.ncmat = = = Polystyrene_C8H8.ncmat ,e* pit e v ® A I. GI k

80 - === Nylon66or6_C12H22N202.ncmat = == PVC_C2H3Cl.ncmat o o i a‘.ﬂ‘"’"‘ Cry IC ass (a' .a.

==« PEEK_C19H1203.ncmat = = = Rubber_C5H8.ncmat uis o — L

Plexiglass/Lucite) based
on VDOS from other
sources.

* 14 others based on
ncrystal_hfg2ncmat
script (AFGA).

* Let us know if we are
missing something
useful!

Cross section [barn]

0 2 4 6 8 10 12
Neutron wavelength [angstrom]
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Coherent effects in amorphous NCrystal

Thermal Neutron Transport

materials: static structure factors

* We plan to eventually also optionally include static structure factors S(q) in our
treatment of amorphous solids, but for now they are modelled under the
incoherent approximation.

* The incoherent approximation is very good for esp. hydrogen-rich materials, but
amorphous materials without strong incoherent cross sections might suffer in
realism currently.

1,2
10] NCrystal development at ESS was recently
| chosen to be supported by the APRENDE
%8 EURATOM grant. This will hopefully allow
0,6 us to include these effects for increased
T 041 w realism.
8 T
T 024 73 . . )
5 1 The tricky part is to include them along
°'°‘_§ : with the current inelastic kernel, without
-0,2-_'9 2 . ) ending up with double-counting
o4l @ doi:10.1021/ 14 (likely we will use Skéld’s method).
==V AT ALk N =i =2V}
2 4 6 8 10 12 14
q/A”
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NCrystal

Flexible atomic (re)definitions Thermal Neutron Transport

NCrystal supports atoms which

are not just natural elements!

* Ships with database of 80+
natural elements and 261+
isotopes.

* Possibility to customise:

* In NCMAT data
* In cfg-string parameter
* With the NCMATComposer

NCMAT v3

@ATOMDB
#Override data for whatever reason:
H 1.008u -3.7fm 80.3b 0.3b
#Provide absent data:
Rn222 222.017u 123fm 0.456b 789b
#Enrich Boron:
B mix 0.95 B10 0.05 B11
#Add dopants on Al positions:
Al mix 0.99 Al 0.01 Cr
#Alternatively use "variable names"
#(for usage elsewhere in the file):
X mix 0.2 Al 0.4 Cr 0.4 Th
#Or simply assign:
B is B10

auto sc = NCrystal::createScatter("A1203_sg167_Corundum.ncmat;atomdb=Al:mix:0.99:A1:0.01:Cr");

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



NCrystal

M u Iti p ha se m ate ri a Is Thermal Neutron Transport

* Multiphase materials can be defined inside NCMAT data (i.e. with
the NCMATComposer), or in a cfg-string:

 “phases<FRAC1*CFGSTR1&. . . &FRACN*CFGSTRN>; COMMONCFG”

* Example (enriched B4C pellets in epoxy):

« “phases<0.01*solid::B4C/2.52gcm3/B_1is 0.95 B16 0.05 Bll
&0.99*Epoxy Araldite506 C18H2003.ncmat>;temp=250K"

* NB: Using volume fractions, not mass fractions (for now).

* NB: Syntax designed so you can always append e.g. “;temp=250K"
to a cfg-string, and have it work.

RN BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
b *,: HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




SANS NCrystal

Thermal Neutron Transport
Small Angle Neutron Scattering

* Closely connected to multiphase support, NCrystal contains a framework for
SANS physics (= phase interference).

* For now, only a basic hard-sphere SANS model can be enabled, as proof of
concept. Planning to at least add this and general I(Q) support properly to
the NCMAT format

Sampled Q values (hard sphere SANS, r=100.0A, A=6.04)

| | | |

5 —— phasechoice=0 [Total scattering] /

0.0 11— phasechoice=1 [Total scattering] / 1073

1754 = SANS e \
- —— Total N
€ 1074
S 15.0 4//
@© —
E 1)
8125 / / g 1075 /\ N
= >
E» ' A// § 107° A-A
g 95 v P -
5] / =t

5.0 —//' / 107 1

2.5 —— 7 I

. / 10-8 | | .
0.0 — '
"o 1 2 3 4 5 6 000 005 010 015 020 025 030 035 0.40
Neutron wavelength [angstrom] Q (1/R)
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NCrystal

Extend NCrystal with 3rd-party plugins ™erma!NeuronTranseort

NCrystal includes a plugin mechanism, making it possible add custom physics models

* This can help people with their specific simulation use-case, and (in an ideal world)
high quality models can eventually be adopted into the main NCrystal code.

* Extending NCrystal will naturally require C++ knowledge.

* Such plugins can be developed in separate github repos, with standard mechanism
for how to include them in a given NCrystal setup.

* More details on: https://github.com/mctools/ncrystal/wiki/Plugins

Nanodiamond plugin: Magnetic scattering pluqgin:

Rizzi, N., et al. (2023). Xu, 5. et gliEaetl

Benchmarking of the NCrystal SANS Plugin for Nanodiamonds. ::{15:;2:)’ ’r,r:;:i;'l of Z::’;’:"ns;‘;:t:rmi :Jr,n c:;:f;;gse hydrate
Nuclear Science and Engineering, 198(1), 92-100. 9P 9 Xyg '

https://doi.org/10.1080/00295639.2023.2196926 Journal of Physics: Condensed Matter, Volume 36, Number 38.

- B . https://doi.org/10.1088/1361-648X/ad5947
https://indico.ess.eu/event/3096/contributions/17717/ (slides) ht t:s: 1/in dico?ess.eu Jevent/3096/contributions/17717/ (slides)

Other plugins in development:

* March-Dollase Texture plugin by S. Xu et al.
* Coherent phonon plugin by X. X. Cai et al.

RAL BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
4 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



https://github.com/mctools/ncrystal/wiki/Plugins
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WIP: Coherent inelastic effects

CSNS group (Xiao Xiao Cai, et al.) working on tools

for providing high quality coherent-inelastic kernels
for NCrystal. )
A proof-of-concept plugin for NCrystal for using

those already exists.

Such files would be temperature-specific and

much larger, but for many use-cases this would

be very interesting.

Group also looking at extending this to non-

isotropic materials (single crystals).
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NCrystal

Thermal Neutron Transport

skeleton_cl_vol_77K.ncmat
108 1Aa neutrons through 5mm diameter sphere

CURRENT

MULTISCAT_OTHER (3.24%)
I SINGLESCAT_INELAS (4.18%)
I MULTISCAT _PUREELAS (10.1%)
EEE SINGLESCAT ELAS (31.4%)
B Transmitted (40.7%)
Absorbed (10.4%)
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NCrystal

Thermal Neutron Transport

Second half of the notebook:
“Creating materials and the
NCMATComposer”

j.u u:r Jupyter tutorials at:
o https://github.com/mctools/ncrystal-notebooks/
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PN HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782




NCrystal

Thermal Neutron Transport

(of these slides)
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Thermal Neutron Transport
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slides
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Control DOS-scat. kernel expansion NCrystaI

through cfg parameter “vdoslux” Thermal Neutron Transport

* Controls all aspects of DOS—kernel expansion with only one high level user-accessible
parameter.

* Exposing the underlying multitude of parameters to end-users would do no good in practice
since no-one would understand how to change them in a self-consistent way.

* vdoslux=0: Extremely crude, 100x50 grid, Emax=0.5eV (costs 0.1MB mem, 0.02s init time) <= The default if using Debye
model instead of actual

* vdoslux=1: Crude, 200x100 grid, Emax=1eV (costs 0.5MB mem, 0.04s init time) input data (vdoslux gets
. o reduced by 3 for these mats.)
* vdoslux=2: Decent, 400x200 grid, Emax=3eV (costs 2MB mem, 0.08s init time) \
« vdoslux=3 : Good, 800x400 grid, Emax=5eV (costs 8MB mem, 0.2s init time) Typical level in
\ ENDF kernels
* vdoslux=4: Very good, 1600x800 grid, Emax=8eV (costs 30MB mem, 0.8s init time) The default!

* vdoslux=5: Extremely good, 3200x1600 grid, Emax=12eV (costs 125MB mem, 5s init time)
Overkill, exists for

validation purpose

KA BrightnESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 676548
79 4 HighNESS is funded by the European Union Framework Program for Research and Innovation Horizon 2020, under grant agreement 951782



HKL structure factors initialised on-the-fly

(validated thoroughly)

NCrystal

Thermal Neutron Transport

400+

200+

Intensity
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i
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Fast (few ms) init. of all relevant planes.
Comparisons to measured structure
factors and total cross sections.
NCrystal+McStas simulated scattering
patterns analysed with GSAS-II/Fullprof
(recovering input crystal parameters).
Comparison with NXS library predictions.




Support for liquids rely on externally provided NCrystaI

Thermal Neutron Transport

kernels, here water (converted from ENDF8)

Annals of Nuclear Energy 65 (2014) 280-289

Contents lists available at ScienceDirect

VDOS-S(a,B) does not work directly for liquids!
NCrystal for now relies on kernel converted from e.g. ENDF

Annals of Nuclear Energy

"

ELSEVIER journal homepage: www.elsevier.com/locate/anucene

File 2

0,50000 <| angstrom ~ | Emax:

2,22378%eV 12| s-display: |auto ~ | Integral-display:  o(E)/o_free ~ | Sample-display: | | AE 5
g JeElave L play: (o) ple-cispiay CAB models for water: A new evaluation of the thermal neutron

scattering laws for light and heavy water in ENDF-6 format
sigma(E)/sigma_free (sigma_free=20.5barn,

Energy point:

< J.I. Marquez Damian **, J.R. Granada*?, D.C. Malaspina®
~
~ 2 Neutron Physics Department and Instituto Balseiro, Centro Atomico Bariloche, CNEA, Argentina
~ - ® Department of Biomedical Engineering and Chemistry of Life Processes Institute, Northwestern University, 2145 Sheridan Road, Evanston, IL
F0.10 ~
ARTICLE INFO ABSTRACT
1014 ~
Article history: In this work we present the CAB models for water: a set of new models f
Received 29 August 2013 neutron scattering laws for light and heavy water in ENDF-6 format, us
IRec lvedin 'e"‘“dbf‘f’“‘ 5 November 2013 These models are based on experimental structure data and frequency s
fccepted s Hovembet 2012 dynamics simulations. The calculations show a significant improvement
Available online 6 December 2013 g & g s ;
~ when compared with measurements of differential and integral scatteri
L 0.08 o~
100 4
N
T T T T T T
1073 107* 1073 102 107t 10°
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Showing tsl-HinH20_300.0K.ncmat [H, A=1.00794, fraction=66.67%, T=300K, kT=0.02585eV, 1.1MB]
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Single crystal with Gaussian mosaicity NCrystaI

Thermal Neutron Transport

uses cheap pre-check to speed up

double NC::GaussMos::calcCrossSections( InteractionPars& ip, . . .
const NC::Vectord indir, This function gives xsect for

const std::vector<NC::Vector>& deminormals,

Tectth v comit  conce et e )] planes with a given d-spacing
nc_assert(ip.isvalid()&&ip.m_wl>0); (Only Ca”ed If d-SpaCIng < NZ)

nc_assert(indir.isUnitVector());

std::vector<Vector>::const_iterator it(deminormals.begin()), itE(deminormals.end());

double xsoffset = xs_commul.empty() ? 0.0 : xs_commul.back();

double xssum(@.0);

const double cptsq = ip.m_cos_perfect_theta_sq;

const double cta = m_gos.getCosTruncangle(); g

e feeriigy i 2. Must check all normals in group.
const Vector& normal = *it;
const double dot = normal.dot(indir);
double sdotcptsq = (1.0 - dot * dot)*cptsq;
double ds = dot * ip.m_sin_perfect_theta;

J//First a combined check, which usually allows us to skip both normal and PreChECk a”OWS mOSt

//anti-normal:

Sl RS LR planes to be skipped sincg
they do not contribute.

A\~ ~4

continue;

//At least one of the two normals should contribute, so deal with them:
double Am = namax( 0.0, cta - ds );
if ( sdotcptsf] > Am*Am ) { H H
//anti-normal is within truncated Gauss PreCISe evaluatlon Of the non-Ze rO
double xs = calcRawCrossSectionValue(ip, dot ); . . . .
if (xs) {
xs_commul.push_back(xsoffset + (xssum += xs)); ContrIbUtlon |S Stl” Where mOSt
cache.emplace_back(-normal, ip.m_inv2dsp);

) time is spent, even when only very
e el Ty / few planes survives the cheap

//normal is within truncated Gauss

double xs = calcRawCrossSectionvalue(ip, -dot );

if (xs) { pre-check!
xs_commul.push_back(xsoffset + (xssum += xs));
cache.emplace_back(normal, ip.m_1inv2dsp);

8 Time to sample interactions is
) much less crucial, since it mos

return xssum;

. deals with only a single plane.




... and heavy water NCrystaI

(also converted from ENDF8) Thermal Neutron Transport

NCrystal S(alpha,beta) studio O
File Actions

Energy point: ' 1,64690 % |angstrom ~ | Emax: | 3,129095eV < S-display: |auto ~ | Integral-display:  o(E) ~ | Sample-display: = | AE

sigma(E) [barn] (sigma_free=3.4barn, red=freegas)

Unlike liquid H,0 (where scattering on
H dominates completely), D,O needs
two kernels

1074 1073 102 107t 10°
£
]
8
A € 5> 4 Q = NCrystal S(alpha,beta) studio
File Actions
Energy point: | 1,64690 2| angstrom ~ Emax: 10,315689eV %/ S-display: dynamic+clip@1 ~ | Integral-display:  o(E) ~ | sample-display: | | AE
Samp
sigma(E) [barn] (sigma_free=3.75barn, red=freegas)
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8
g - .
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Showing tsl-DinD20_350.0K.ncmat [D, A=2.01410177811, fraction=100%, T=350K, kT=0.03016eV, 2.5MB] Sampled beta=dE/KT (E=0.0302eV, red=freegas)

1000000

800000

600000

NCrystal of course supports non-natural
“enrichments” like D = 2H

400000

200000

o zoom rect, APPROX: alpha=24.1638 beta=-0.733986 S=0.20529
4 € dQ =W & & €5 +Q

it

it
R
EE

Showing tsl-0inD20_350.0K.ncmat [0, A=15.9994, fraction=100%, T=350K, kT=0.03016eV, 2.5MB]
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