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Radiation transport

‘ Geometry \
Nuclear Data / } Radiation - gslslgl’on or gamma flux
Interaction Models Transport > T G
Radiation Sources
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Thermal scattering data needs at the ESS

Nuclear data to support the moderator/reflector system under construction:
- Liquid hydrogen moderator
- Beryllium reflector

- Nuclear data to support future upgrades of the facility (HighNESS project):

Liquid deuterium moderator

Diamond nanoparticles

Clathrate hydrates with paramagnetic oxygen

Graphitic compounds with large d-spacing

- New tools and methods are needed for several of the materials.

- New developments can also help relax some of the limitations of previously used
methods.

- Large number of developments under the HighNESS project, which are freely
available online at https://github.com/highness-eu/
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https://github.com/highness-eu/

Neutron interaction models
PRESENT

Cross talk between neutron scattering and neutron transport
New tools: NCrystal, OClimax, Mantid, McStas, OpenMC
Free and open source software
Integrated with MD / DFT simulations

PAST

Neutron Transport
- Driven by nuclear reactor applications.
- Closed source and export controlled.
- Difficult to incorporate condensed matter information.
- Legacy software from the 1970's (GASKET / NJOY).

Neutron Scattering
- Ecosystem of different tools, created for each instrument.
- No connection with high energy physics.
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Several approaches

Incorporating state-of-the-art molecular modelling into the process

Modified library format to support new physics - NJOY+NCrystal / ncmat2endf

Extensions of NCrystal to include new physics processes - NCrystal plugins

Modifying Monte-Carlo software to support these developments
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\/ Ships with NCrystal
(from data lib, builtin quick recipes I
@ or cif conversion using NCMATComposer) MCStai/\

NcrYSta ‘ \; ANTS2 &
~ TOUCANS

&5 GEANT4
- A GIRAATION TOOLRIT ¥~ \Works, but needs
improvement

N

Supported since

MCNP6
OpenMC0.13.3

A oY A
WIP: enable NCrystal
‘ l P‘H«I_:ILS in conda OpenMC pkgs

Direct / standalone usage:

- Command-line tools ~N
- APl access from
C++/C/Python

ncmat2endf

o Y

Developed by Xiao Xiao Cai and Thomas Kittelmann at ESS.
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NCrystal

Elastic (AE=0) components

Bragg diffraction, incoherent, single crystals, Inelastic (AE#0) components
isotropic materials (powders), HOPG. Scattering kernel based:

HKL structure factors derived on-the-fly (<0.1s). * Initialise from external kernel

’ - « Orfrom phonon density curve (~0.1s).
"
lf// / 1 N
vy |

« Usingincoherent approx. (for now!)

Physics can be extended through development of plugins. We created plugins for
small-angle neutron scattering, magnetic scattering and texture effects.
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NCrystal

P 132 materials (v3.0.0):

SrH2 s Crystals (108), amorphous
hane_sqre0_thorsmite] solids (16), liquids, gasses, ...

Torrmmaueod E@sy universal cfg:
urs_sqez_uramivetera]  “Al_sg225.ncmat;temp=250K”
void.ncaat ”Rubber_C5H8.ncmat;comp:

AcrylicElass_C50248 ncsat Fe_sq225 Tron-gamma.ncnat 5i02-lpha_sg154_AlphaQuartz.ncaat
AgBr_sg225_silverBromide.ncmat Fe_s9229_tron-alpha.ncnat HadSi3ALI012CL 5216 Sodslite.ncrat  Sit2-beta_sg1eo Betatu
Bo_sg225.nenat Gail_sq185_

AL203 26167 Corundun. ncrat GaSe_sq194_GalLi

ALsc3_sg1se_ Ge38i4012_2g220 ncrat Ser2_sqz2s_Strontiunely
AU_sg186_Aluminushitride.ncrat  Ge_sg227.ncrat

AL_sg225.nenat He_Gas_STP.ncrat Sr_sq225. ncnat
Ar_Gas_STP.ncrat HF02_sq14_Hafniumoxide.ncrat

Asq225.nenat H0203_5g206_HolsiupOxide.ncrat Tho?_5g225_ThoriusDio
B3F2_sq225_BariunFluoride.ncrat  Kapton C22HION205.nceat Th_sg225. ncmat
B30_s9225_Bariun0xide. ncrst KBr_sq225_PotassiunBronide. ncsat Hylon11_C1142100. nerat Ti02_sq136_Rutile.ncrat
Ba_sq220.ncnat KF_5225_PotassiunFlouride.ncsat Hylon12_C1212300.nesat Ti02_sg141_Anatase.
Be3I2_s206 _Berylli KOH_sq4_Potassi HyLons1e_¢ Ti_sq104.0¢
P Hylon6Gors_C121220202 . ncxat

Be0_sg186.1¢ K_5q229..ncat PbF2-beta_5q225_BetaleadFlouride.ncrat  Tn203_sg206_Thuliu
Be_sq194.ncnat LaBr3_sq176. i Pbo-alpha_sg120_L

Bi_sq166.ncnat Li20_5g225_LithiumOxide.ncrat Pbo-beta_sg57_Massicot.ncrat 025225 Uraniunbios
€aC03_sgo2_Aragonite. ncrat LiaN_sq191 Lithiumhitride.ncrat Pb_sg225.ncrat

Car2_s225_Calciumf louride crat V_sq229.ncnat

cai2_sgs2_C
Ca0212_sg164_Calciuntydroxide.ncrat
€a0_sq225_Calciuntxide.ncnat

€25i03_sg2_Wollastonite.ncrat o25i04_sg62_Magnesiunsilicate.ncst  Polylactide C3402.ncrat
Ce02_5g225_ceriuntxide.ncnat Pgal208_5g227_maS. ncat Polypropylene_C3H6. ncrat
Cr_sq220.nenat a3 59167 RagnesiumCarbonate.ncrat  Polystyrene_CoHD.ncrat
€ 5q194 pyrolytic_graph PE_sq225.ncrat

Cu_sg225.nemat Pg0242_50164 Magnesiunkydroxide.ncrat  Rubber_CSH.ncrat
Dy203_5g206_Dysprosiundxide.ncnat  Mg0_sg225_Periclase.ncnat Se_sg104.ncrat
Epoxy_Aralditesos_C1842003.ncrat  Mg_sg194.ncrat S4C-beta_sg216 Betasiliconcarbide.ncnat

oo, - Same physics in all applicat
e - Cfg variables documented at:
103_5g15_¥50.. = github.com/mctools/ncrystal/wiki/CfgRefDoc

20F2_sq136_ZincFlou o

i SMall (few kB) file sizes:

2r02_sq137. lir;ani; - Optionally embed in binary and
) avoid need for actual files.

2¢_sq10.ncnat

Easy to create more:

- 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 format:

- To .laz/.lau for McStas

- To ENDF via the NJOY-NCrystal project
- But limited by target format physics

NCrystal supports many materials out of the box. Easy to create more.
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NCrystal

1]: import numpy as np
import NCrystal as NC
import NCrystal.cifutils as nccif

Step 1: Create base ncmat model from cif information.

21: cifsrc = nccif.CIFSource('ni.cif')
c_ni = NC.NCMATComposer.from cif(cifsrc)

Loading data from file ni.cif
Attempting to lead CIF data with gemmi
Self-consistency of structure was verified by spglib

Step 2: Replace dynamic information with VDOS.

3]: vdos _data = np.loadtxt('ni.dat')
c_ni.set_dyninfo_vdos(c_ni.find_label{'Ni'}, vdos_egrid=vdos_datal:,8], vdos=vdos_datal:,1])

Step 3: Export ncmat Ffile and convertto ENDF-6 format.

4]: a = c¢_ni.write('ni.ncmat')
I../ncrystal_ncmat2endf.py --name Ni ni.ncmat

Get nuclear data...
Prepare ENDF file tsl Ni.endf...
Renumber lines...
Write ENDF file tsl_MNi.endf...
Files created:

tsl_Ni.endf

NCrystal supports many materials out of the box. Easy to create more.
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OpenMC + NCrystal integration

» OpenMC supports NCrystal materials from
version 0.13.3.

10! 4

» In these materials, NCrystal physics replaces
nuclear elastic scattering below 5 eV. Above that

energy and for other reactions, ACE files derived 10° 4 / \
Hydrogen

Macro XS [cm”-1]

from evaluated nuclear data libraries are used.

= This allows to integrate NCrystal with Monte uibrations omuclear
Carlo simulations of neutron moderators and
nuclear reactors, giving OpenMC the ability of 107! : : : : ‘
. 1075 1073 107! 10! 10° 10° 107
on-the-fly thermal scattering. Energy [ev]

Macroscopic total neutron cross section of ZrH2
computed with OpenMC + NCrystal.
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Modifications to PHITS

» Support for continuous energy thermal
scattering ACE files (ifeng = 2 files).

= Support for mixed elastic ACE files.

» Support for small angle scattering from
nanoparticles.

= Support for detector contributions for all three
cases.

— Now PHITS supports all new ACE TSL files.
= The next step: direct NCrystal integration.

10°E E|

Il Il Il
10" 10°

10°
Neutron energy [MeV]

Spectrum from a cylindrical, 30
cm-diameter, 30 cm-high solid deuterium
converter with a thermal source. Results
for 10° particles.
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i

Thermal Scattering Libraries
Development at

©

“Developed using NCrystal

i N
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New Libraries for Hydrogen and Deuterium

Software
Molecular
modelling

Structure and Traditional approach

NJOY code system

Cross-section data

State-of-the-art

o ¢
P_Nordin, LU Thesis 2020

Path-integral molecular
dynamics

EPJ Web of Conferences 284, 17006 (2023)
ND2022

+ ZoppietalD2207K
— reMDD219.0K
--- RmDD2200K

Static Structure factor

H

3 T H 3
ou

N\ Frequency Spectrum

— s7Rmn
157 KOfusion Componant H2

https://doi.org/10.105 1 /epjeonf/202328417006

Generation of thermal neutron scattering libraries for liquid para-hydrogen
and ortho-deuterium using ring-polymer molecular dynamics

R ——

Energy (mevt

— s w0 e o2 1k

w W 13
pa——

Liquid hydrogen
and deuterium

Douglas D. Dilulio*, Jase Ignacio Marquez Damian', Gunter Muhrer'

Submitted for consideration to be included in ENDF/B-VIII.1, alternative to the Bariloche evaluation in JEFF-3.3. 18732



Magnesium Hydride

7(\ "}‘f:\’ ) — { O .
el
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r X

e pamnm— NCrystal
!

cNPe| [P pHITS -

mmmmmmmmmm

Figure 13: Total scattering cross section comparison for MgHz.

NJOY+NCrystal: Rami¢, Kemal, et al., Nucl. Instrum. and Meth. in Phys. Res. A: 1027 (2022): 166227.
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Solid deuterium

Based on the model by Granada from 2009.

Spin correlation is treated as a correction factor
to the incoherent elastic component.

Coherent elastic is included with an hcp basis for
the molecular centers, plus an analytical
molecular form factor.

Both elastic components are included using the
mixed elastic format.

Corrects magnitude of elastic component in the
IKE and old CAB models.

TODO: include static structure factor for
amorphous solid.

Cross section [b/molecule]

- PSIExp. (18K)

< PSIExp. (12K)

< PSIExp. (8K)
— 18 K- NJOY+NCrystal
— 12K- NJOY+NCrystal
— 8K-NJOY+NCrystal
—— 5K-NJOY+NCrystal

P
0.001 0.01
Energy [eV]
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Magnetic Scattering in O,-Clathrate hydrates

Clathrate hydrates are ice-like compounds having a cage structure. Small molecules
such as methane can be enclathrated in the cage, stabilising the structure.

» Oxygen-containing clathrate hydrates: neutron inelastic magnetic scattering.
» A plugin was developed based on the model from Oliver Zimmer.

U(E)
: Ii'; Monte Carlo
Simulation
Sample
Events
Magnetic Scattering

21/32



Cross-sections for O,-Clathrate hydrates

>
©

b
=
7]
]
=

1 tes total

T T T R
'S
=]
=
(]
&

THNNNENNN
I

Vi

Cross sections calculated
for 136 D20 + 24 02

/i
=
%

o
=

Scattering cross section per atom (barn)

Weighted magnetic cross section (barn)

o

0
1075 2 s 1074 2 5 1073 2 5 1072 2 5 1071 2 5 1 2 510
Incident neutron energy (eV)
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Crystallite and texture effects in materials

= Standard tools assume idealized polycrystalline materials.
= Real materials exhibit effects due to crystallite size and texture.

12

—— MNJOY-NCrystal Ideal

—— NJOY-NCrystal 5=5 microns
10 —— NJOY-NCrystal 5=10 microns
—— MJOY-NCrystal S=15 microns

b

Coherent elastic cross section (barn)
iﬁz
§

>

o —— NXS texture free
—— NXS ryy; = 0.15, fi11 = 0.79, 7990 = 0.34, faoo = 0.21
»4/ |- = NCrystal texture free

Y NCrystal ri1y = 1.0, fiyy = 0.79,7200 = 1.0, fago = 0.21
1071 NCrystal 7111 = 0.15, fin = 0.79, 7200 = 0.34, fagp = 0.21[ |

Cold brightness

2 Crysialliie sire_ Average relative cilect
5 microns. 5%
10 microns 98.5%
18 microns 97.3%

Total Scattering Cross section (b)

(:0" 1072 10 10° Neutron wavelength (A)
Energy (eV) .
NJOY+NCrystal with crystallite effects Texture plugin

D.D. DiJulio et al., EPJ Web of Conferences 284, 17013 (2023) ND2022
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Small-angle scattering for nanodiamonds

Forward Neutron wavelength [A] Neutron wavelength [4]
0.40
035
5030 B
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H 2
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005
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Neutron Velacity (m/s) Neutron Velacity (mfs)
monitors
(a) (b)
Fig. 3. Scheme of the simulated Nesvizhevsky at al.
measurements of backward reflection.” Fig. 4. Detection probability for backward scatter on a (a) 0.4-mm and (b) 6-mm ND sample. The squares are the measured
points for the backward reflection, while the triangles are for forward reflection. Different models are represented with lines.
NUCLEAR SCIENCE AND ENGINEERING @ANS
© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

DOL: https://doi.org/10.1080/00295639.2023.2196926

[ ) ook tor s |

Benchmarking of the NCrystal SANS Plugin for Nanodiamonds

Nicola Rizzi,®™ Jose 1. Marquez Damian, ® Thomas Kittelmann,®® Bent Lauritzen,
Esben Klinkby,®™" Quentin Estiez,” and Valentina Santoro®®
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Texture and SANS in graphitic compounds

* Measurement its (Side A)
= = Powder
—— SANS+texture-+occupancy

T =300K

Application of both the texture and
.24 SANS plugins in NCrystal.

Total cross section per atom (barn)

Wavelength (A)
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Superfluid Helium

Theory — Gaussian approximation with phonon expansion

4.0 10!
]
]
3.5
1
1
10‘
. ]

» We created scattering kernels to sl 10°
be used with Monte-Carlo g o 2
simulations in Superfluid Helium. 520! &

g | =
= Constructed from combination of ERR - - - ——==— o - oss .
experimental and theoretical data. Lo
0.5
0.0 10-%
0.0 0.5 1.0 15 2.0 2 3.0 3.5

QAT

perimental — Godirin et a

J.R. Granada, et al., Nucl. Instr. and Methods in Physics Research A 1053 (2023) 168284
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Benchmark experiments: graphitic compounds

= Benchmark experiments are critical for development of new models, especially very-cold
and ulra-cold materials.

= Carried out measurements at the BOA beamline at PSI for graphitic compounds together
with support of ESS Chemistry and Life Science Support Group.

Spectrum [a.u.]
-log(Transmission) [a.u.]
o

s
£l
a
&
s

) 0 5 10 15 20 25 30 2 4 6 8 10 12 14
Incident wavelength (A) Incident wavelength (A)
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Benchmark experiments: beryllium

» Transmission and texture
measurement of beryllium in
the diffractometer HIPPO at
LANSCE.

» Preliminary transmission
results show reduction of
cross section, compatible
with extinction models.

Cross-section (b)

* Orientation 1
24 * Orientation 2
— NCrystal Perfect ) » Although, further analysis is
— NCrystal Crystallite Size = 3 microns . .
0 e needed to discard possible

05 1o 15 20 25 30 35 40 45 50

Wavelength (&) texture effects.
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HighNESS School on Thermal Scattering

» First school of its kind. Held in
May at the ESS.

Included 40 participants
registered from around the
world.

School material available
online:
https://github.com/
highness-eu/TSL_School
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https://github.com/highness-eu/TSL_School
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Concluding Remarks

- The ESS Spallation Physics group develops new methods for treating nuclear data
in Monte-Carlo simulations through various approaches.

- Modified library format to support new physics: NJOY+NCrystal / ncmat2endf
- Extensions of NCrystal to include new physics processes: NCrystal plugins
- Modifying Monte-Carlo software to support these developments: OpenMC, PHITS.

- Work is motivated by applications of the current facility and future upgrades, but
also has applications to other nuclear systems.

- We work on release and maintain the codes, models and data libraries: feedback is
much appreciated. If new features or materials are needed, we are open to
collaboration.
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