NCrystal : a library for thermal neutron transport

in crystals
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Since 2012ish, ESS-DG provides
framework for detector modelling

simulation script (python)

Can also modify: physics, data extraction, geometry parameters, generators,
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Since 2012ish, ESS-DG provides

framework for detector modelling
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our extension to Geant4
for thermal neutrons




Since 2012ish, ESS-DG provides

framework for detector modelling

Focus of the talk today is
our extension to Geant4
for thermal neutrons

But will also briefly mention
our format for MC
particle exchange




The MCPL project

https://mctools.github.io/mcpl/

MCPL

Monte Carlo Particle Lists

* Well defined efficient & flexible
format for particle exchange

« Standard browsing/editing tools

e C++/C/Python bindings

e T Kittelmann et al 2017 Comput.
Phys. Commun. 218, 17-42

For ESS detector simulations we mostly
use this to hook up McStas instr. model
with Geant4 detector model

McXtrace o ¥ P

K 1 Y~ @mans

A SIMULATION TOO!

P Available

n T. Kittelmann, E. Klinkby, E.B. Knudsen, P. Willendrup, X.X. Cai, K. Kanaki




The NCrystal project NCrystal

https://mctools.github.io/ncrystal/ X. X. Cai & T. Kittelmann

Original motivation: Augment Geant4 with proper modelling of thermalised neutrons in
crystalline materials (and avoid the usual free-gas treatment)

Advances earlier efforts in older “NXSG4” plugin

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

- Geant4-specific plugin for polycrystals, no proper bkgd, no tools/bindings
- Thin wrapper around nxslib by M. Boin.

Crystalline samples

L

Detector frames, vessels, supports
(polycrystalline metals)

Monochromators,
analysers
(single crystals.
layered crystals) Filters

(single- or
poly-crystals)




The NCrystal project NCrystal

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

X. X. Cai & T. Kittelmann

Original motivation: Augment Geant4 with proper modelling of thermalised neutrons in
crystalline materials (and avoid the usual free-gas treatment)

Advances earlier efforts in older “NXSG4” plugin

- T Kittelmann and M Boin 2015 Comput. Phys. Commun. 189, 114-118 Scope has expgnded beyond Geant4 .
o . . - We can reach a wider and more relevant community
- Geant4-specific plugin for polycrystals, no proper bkgd, no tools/bindings )
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The NCrystal project

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

X. X. Cai & T. Kittelmann

Original motivation: Augment Geant4 with proper modelling of thermalised neutrons in
crystalline materials (and avoid the usual free-gas treatment)

Advances earlier efforts in older “NXSG4” plugin

- T Kittelmann and M Boin 2015 Comput. Phys. Commun. 189, 114-118 Scope has exp,anded beyond Geant4 .
o . . - We can reach a wider and more relevant community
- Geant4-specific plugin for polycrystals, no proper bkgd, no tools/bindings )
. . . - We also have use-cases outside Geant4 ourselves
- Thin wrapper around nxslib by M. Boin.

- As a service to the community in general

3 CalcBase @E @
— '

‘ a oo @ Implemented in C++
Detector frames, vessels, supports [ /
(polycrystalline metals)

- But users not forced to deal
with C++ code

Monochromators,
analysers
(single crystals.
layered crystals) Filters
(single- or
poly-crystals)

Public classes inrel. 0.9.12
PCBragg In blue are physics models

In red are primary interfaces
Rounded classes are abstract

ScatterXSCurve
BkgdExtCurve

BkgdPhonDebye



Many available interfaces NCrystal

Can share configurations and data files across them all X. X. Cai & T. Kittelmann

*  Plugin (component) ships with NCrystal release.
* Supports multiple scattering + a few basic sample shapes
* McStas devs (P. Willendrup+E. B. Knudsen)

working on availability out-of-the-box.

* Available out-of-the-box
(thanks to A. Morozov)

Direct/standalone usage
e Command-line tools
* Programmatic access

from C++/C/Python | @ G EANT4

A SIMULATION TOOLKIT |

NCrystal aims to be hassle-free:
* Robust modelling over large
range of setups
* Norequired dependencies.
* Linux, OSX, Windows

* Plugin ships with NCrystal release.
* ESS-DG’s Geant4 framework has NCrystal built in.
* Goal is availability out-of-the-box for

all Geant4 users.

o C++98, C++03, C++11, C++14, C++17 * Pluginis work in progress
e (89 C990rcCill (thanks to J. I. Marquez Damidn)
*  Python2.7+, Python3.3+ N J OY
* Unrestrictive Apache 2.0 license
*  RNG streams, error reporting etc. s Canuse NCrystal results when generating
can be controlled by calling code. ENDF files for various MC applications (like MCNP).
* Inthe pipeline: MT safety. * (thanks to J. I. MGrquez Damidn)




Sources of crystallographic info

Can be extended if needed

NCrystal

X. X. Cai & T. Kittelmann

Well defined interface for loaded data
= Allows multiple sources of input formats
= Cleaner code

Native NCrystal

.nxs loader

Optional formats
added for McStas

community <
Jaz/.lau loader




Sources of crystallographic info

Can be extended if needed

NCrystal

X. X. Cai & T. Kittelmann

Well defined interface for loaded data
= Allows multiple sources of input formats
= Cleaner code

Native NCrystal

Optional formats DGR U

added for McStas

community <
Jaz/.lau loader

NCMAT v1
#Some comment here...
@CELL
lengths 5.65735 5.65735 5.65735
angles 90. 90. 90.
@SPACEGROUP
227
@ATOMPOSITIONS
Ge 0.75 0.75 0.25
Ge 0.5 0.5 0.
Ge 0.75 0.25 0.75
Ge 0.5 0. 0.5
Ge 0.25 0.75 0.75
Ge 0. 0.5 0.5
Ge 0.25 0.25 0.25
Ge 0. 0. 0.
@DEBYETEMPERATURE
Ge 281.4

Ge_sg227.ncmat -




Sources of crystallographic info NCrystal

= L] o
Can be extended if needed X. X. Cai & T. Kittelmann
Well defined interface for loadeddata | @ [ Info
. . pace group number r 227
= Allows multiple sources of input formats Lattice spacings [Aa] : 5.65735 5.65735 5.65735
Lattice angles [deg] : 90 96 90
= Cleaner code PCBragg nit cell volume [Aa“3] : 181.067
toms / unit cell : 8
. toms per unit cell (total 8):
Native NCrystal il SCBragg 8 Ge atoms [T_Debye=281.437K, MSD=0.60760282Aa]
format """ L ) G T M
tomic coordinates:
Ge [¢] [¢] [¢]
B -NXs loader gacxtiurve Ge 0.25 0.25 0.25
Optional formats oo 0 35 0 75 0 75
added for McStas Ge 0.5 0 0.5
laz/ lau loader BkgdPhonDebye o 0 70 0 70 0 25
Density 5.32937 g/cm3
Temperature : 293.15 kelvin
NCMAT vl eutron cross-sections:
#Some comment here... Absorption at 2208m/s : 2.2 barn
@CELL Oadef Free scattering : 8.36483 barn
lengths 5.65735 5.65735 5.65735 ma’(,\ e LR
angles 90. 90. 90. nC KL planes (d lower = 0.15 Aa, d upper = inf Aa):
@SPACEGROUP ¢ H K L d hkl[Aa] Mu1t1p11c1ty FSquared[barn] Expanded-HKL-list
227 1 -1 -1 3.26627 20.8434 1,-1,-1 | -1,1,1 | 1
@ATOMPOSITIONS [¢] 2 -2 2.00018 12 39.7773 0,2,-2 | 0,-2,2 | @,
Ge 0.75 0.75 0.25 1 -3 -1 1.70576 24 19.3369 1,-3,-1 | -1,3,1 | 1,
Ge 0.5 0.5 0. 6 0 4 1.41434 6 36.9022 0,0,4 | 0,0,-4 | 0,4,
Ge 0.75 0.25 0.75 1 -3 -3 1.29789 24 17.9392 1,-3,-3 | -1,3,3 | 1,
GelD 5 ol oS 2 -4 -2 1.1548 24 34.235 2,-4,-2 | -2,4,2 | 2,
Ge 0.25 0.75 0.75 1 -5 -1 1.08876 32 16.6426 1,-5,-1 | -1,5,1 | 1,
Ge 0. 0.5 0.5 0 a4 -4 1.00009 12 31.7605 0,4,-4 | 0,-4,4 | 0,4
Ge 0.25 0.25 0.25 1 -5 -3 0.956267 48 15.4397 1,-5,-3 | -1,5,3 | 1,
Ge 0. 0. 0. 0] 2 -6 0.894506 24 29.4649 0,2,-6 | 0,-2,6 | 0,2
@DEBYETEMPERATURE 3 -5 -3 0.862738 24 14.3238 3,-5,-3 | -3,5,3 | 3,
Ge 281.4 4 -4 -4 0.816568 8 27.3353 4,-4,-4 | -4,4,4 | 4,
Ge_sg227.ncmat - 1 -7 -1 0.792187 48 13.2885 1,-7,-1 | -1,7,1 | 1,
2 (Y A mq AR quﬁaﬁjﬁdljﬁﬂlj




Sources of crystallographic info NCrystal

Can be extended if needed X. X. Cai & T. Kittelmann

We I. I. L °
Al Default .ncmat cutoffs tuned to give both short 0(10-100ms) load times
= (o)
[ o
= Fllen and realistic total x-sects at shorter wavelengths
100 - - - T T T
—— C (227, Diamond) Ag (s2225)
H ——— W (sg220) Al (sg225)
Native NCr| 90F .. Mo (5g229) Si02 (sg154, Quartz) 1
format = ;? —— AI203 (5167, Corundum) Y (sg194)
— Q0. —=- Cr(w29) Zn (sg194) ]
oS | - Fe (8229, a-iron) Sn (sgl4l)
T —— Rb (sg229) Cu20 (sg224, Cuprite)
= TOF- === Y203 (55206, Ytr. oxide) BeF2 (sg152, Be. flouride)
T T MgO (5225, Periclase) Mg (sg194)
Optional for] = Gol — i) Ca (5225)
added for M O === Pt (5g225) Pb (sg225)
X FlaiE i Be (sg194) Ca (58229, ~-calcium)
community = 50p Pd (s5225) — Ba(s229)
o Nb (s¢229) ——= Sr(sg225)
e Si (sg227) Na (sg229)
o
T 40 Ti (sg194) '
= Cu (sg225)
i 30k Fe (55229, f-iron)
L Zr (sg194) - . - - -
108 =2 V (55229) Tmpact of cutoffs on Bragg diffraction powder cross-section
—— Y208 (5206, Yir. oxide) -—«5 201 Au (s3225) T T T T T
167, Corundum) Ge (sg227) —
NCMAT 107k = = 10] C (s194, Pyr. graphite) B OUF - e e e e e e
ZEETE e :’;;;; Sc (sg194) éd/
v 0 i I B~ AT it i .
Le 10° 0 005 0L 015 02 025 03 03 04).8 40p
an| | : i
@SPACH - d-spacing cutoff (A) mS B0k
27 é 10 Y . 2 2.0 — Y208 (5206, Yir. oxide) (o cutoffs) 1] 1,
S Rl z Y203 (5g206, Ytr. oxide) (default) |02
Q@ATOMHR 2 S B —C (5227, Diamond) (o cutoffs) e ’
Ge = o 2o (sg190) ®} C (56227, Diamond) (default) | 1,
ol = 0 Yo z2) ; 0= . : : : : 0,4,
n 9) 13 (s 6, r. oxide) A 5§ 5, Periclase) i (sg154, Quartz
G | S 0 e e T g kg TR o e | 1,
GH ] oo = . @« = ] 2 W (sg229) Pt (s4225) Cu (s2225) | 2,
= % —— Mo (sg229) Be (sg194) C (sg194, Pyr. graphite) 1
Ge€ 2, = Al203 (sg167, Corundum) Pd (sg225) Fe (5g229, fB-iron) I ’
GG :ﬁ: =] Cr (sg229) Nb (sg229) BeF2 (sg152, Be. flouride) | Q , 4
2 i lids —V (sg229) Ti (sg194) Sc (sg194)
GE 107k ] [} == Fe (sg229, a-iron) Na (sg229) Ca (sg225) I 1 v
- -« Rb (sg229) Si (sg227) Sn (sgl41)
Ge = = Me (e5194) Cu20 (5224, Cuprite) | 6,2
@DEBYE 10t % Zn (sg194) Ag (5g225) I 3,
"""""""""""""""""""""""""""""""""""""""""""""""""""""""" B < Ca (sg229, vy-calcium) Ge (sg227)
Ge [o Ba (;229) ! Sr (3:225) I 4,
Zr (sg194) Au (sg225) I 1,
1[]0 H i : Y (sg194) ! Pb (5:;225) 1 o
103! 10° 10! 1.0 1.5 2.0 2.5 3.0
d-spacing cutoff (A) Neutron wavelength (A)




NCrystal data library NCrystal

https://mctools.github.io/ncrystal/ » wiki » Data-library X. X. Cai & T. Kittelmann

NCMAT v1
Ge_sg227T . . . . #Some comment here...
NCrystal comes with library of validated data files, QCELL
o o TN lengths 4.04958 4.04958 4.04958
for describing a large number of crystal angles 90. 90. 90.
. QSPACEGROUP
W structures relevant to neutron Scatterlng. 225
Mg_sg194 QATOMPOSITIONS
] Al 0. 0.5 0.5
Al 0. 0. O.
Im-3m(229) JE e Al 0.5 0.5 0.
Mo_sg229 ptozegioms | =T o SN Al 0.5 0. 0.5
15 @DEBYETEMPERATURE
T o Al 410.35
_ EETTT Al_sg225.ncmat
Im -3 m {229) 1=
Ma_sq229 p=0.96663 giom® | I
Im-3m228) 1= _ B2
Nb_sg229 p-8.5827 glem® | |7 R —
Fmams 15 | ==
Ni sg225 p=8.9082 gl : T | \fe
N
Fmam(2 + .= ], = :_
Pb_sg225 p=113ddgiome || o0 1 —
cnszm;mmln
Fmam(2s 1= . ] TR
Pd_sg225 p=12.01 glem® | 1| - T~

Fm-3m(225 1= | =




NCrystal data library NCrystal

https://mctools.github.io/ncrystal/ » wiki » Data-library X. X. Cai & T. Kittelmann

NCMAT vi1
Ge_sg227T . . . . #Some comment here...
NCrystal comes with library of validated data files, QCELL
oMo . lengths 4.04958 4.04958 4.04958
for describing a large number of crystal angles 90. 90. 90.
. @SPACEGROUP
o ctructures relevant to neutron scatterlng. 225
Mg_sg194 QATOMPOSITIONS
' =, A1 0. 0.5 0.5
- Al 0. 0. O.
Im-3m(229) E = Al 0.5 0.5 0.
Mo_sg229 p=t022gioms | {0 SN 5 Al 0.5 0. 0.5
] Re i ‘ ‘ : @DEBYETEMPERATURE
e — e — —— Ni_sg225.ncmat Al 410.35
S R.G.Allen 1954 EXFOR 11762002 Al_sg225.ncmat —
I'm-3m (229) & o H.Palevsky 1954 EXFOR 11355002 -
Ma_sq229 p=0.96663 giom® | I
Sk c Browse derived quantities,
©
I'm-3m (229) E T _ e '2- plots, Valldat'ons, .ee
Nb_sg229 p=B.5827 gicm® |1 - R - £
A=, o 2
: - g =
Fm-3m(2s 15 il __/
Ni_sg225 p=B.9092gicm® | [T i o
e i I : : :
1N 100 107 107 107 10° 10
\v S energy, eV
Fmam(2 + .= ], ——
PD_sa225 p=1134dgicm® | 1] “u 1 -
P J
Crysta ariertation In
EXFOR 13761010 1=
urknaowm
F m -3 m (225) £ -
Pd_sg225 p=12.01 gicm? 11— H ™

Fm-3m(225 1= | =




NCrystal data library

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

NCrystal

X. X. Cai & T. Kittelmann

NCMAT vi1
Ge_sg227 . . . o #S t h e
’ NCrystal comes with library of validated data files, ecELL
oML 0 . lengths 4.04958 4.04958 4.04958
for describing a large number of crystal angles 90. 90. 90.
. @SPACEGROUP
# structures relevant to neutron scattering. 225
Mg_sg194 QATOMPOSITIONS
_______ = Al 0. 0.5 0.5
- Al 0. 0. 0.
Im-3m(229) 1T ==t Al 0.5 0.5 0.
Mo_sg229 p-1022glem® | |1 H | H e . Al 0.5 0. 0.5
] 10 ! ‘ @DEBYETEMPERATURE
= = —— Ni_sg225.ncmat Al 410.35
R R.G.Allen 1954 EXFOR 11762002 Al sgzzs.ncmat —
I'm-3m (229) ] = H.Palevsky 1954 EXFOR 11355002 -
Ma_sg229 p=0 96663 g/cm? 1]
c Browse derived quantities,
imSmizze | FE 3 plots, validations, ...
Nb_sg229 p=8.5827 glcm® . ™ g
Ni_sg225 Ej.égaz ;2;: i \foe /
| f"":'_:" 10110'4 107 107 107 10° 10!
I \-., . energy, eV
F m -3 m (225) T - 141
Pb_sg225 p=11.344 g/cm? | i |
ol To use in Geant4 or McStas (or ...), simply supply
s name of material file, along with relevant parameters
Fm-3m225 | J& e . . . .
po_sgo2s or20ngom | | like temperature, orientation of single crystal, etc.

Fm-3m(225 1=




Bragg diffraction in polycrystals

and powders

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

Care is taken to be extremely fast O(ns/call), even in

case of huge number of planes.

Cross-section [barn]

25

Al_sg225.ncmat

Braggj
== Bkodt

Al

Scattering angle [degrees]

Neutron wavelength [angstrom]
Provides cross-sections

Non-Bragg “Bkgd” component
discussed on later slide

180

=
(o))
o

i
N
o

=
N
o

=
o
o

o]
o

NCrystal

X. X. Cai & T. Kittelmann

Geant4 free-gas model Geant4 with NCrystal

(wrong MFP, wrong

scatter) =Debye-Scherrer cones

Al_sg225.ncmat [Bragg+Bkgd]

I

----------------------

Neutron wavelength [angstrom]
And scatter angles




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, SC samples X. X. Cai & T. Kittelmann




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, SC samples X. X. Cai & T. Kittelmann

7/

The tricky part* is the integration of mosaic
density along circle of Bragg condition.

*: Once contributing normals
Have been identified.




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, SC samples X. X. Cai & T. Kittelmann

7/

The tricky part* is the integration of mosaic
density along circle of Bragg condition.

*: Once contributing normals
Have been identified.

Simple closed-form approx.
valid for small mosaicity
(and not backscattering):

1
O'Bragg(aufy) = Q X \/%O' eXp[_%ég/o-Q]

ol




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, SC samples X. X. Cai & T. Kittelmann

1/

The tricky part* is the integration of mosaic
density along circle of Bragg condition.

*: Once contributing normals
Have been identified.

Simple closed-form approx.
valid for small mosaicity
(and not backscattermg)

s —52 /sma N
UBragg(OéufY) Q x \/— eXp[——50/0' ‘X erf[ sin 1/ 27‘1’02

8o = |o —
0 =la—1] Improved form extends validity

E to much larger mosaicities




Single Crystals with Gaussian mosaicity

Can model monochromators, analysers, SC samples

NCrystal

X. X. Cai & T. Kittelmann

1/

Density of normals @ Bragg condition

The tricky part* is the integration of mosaic
density along circle of Bragg condition.

*: Once contributing normals
Have been identified.

Simple closed-form approx.
valid for small mosaicity

1500 |-

S
=}
S

I
=]
=

a= 7/2 Ug = 25°, ¢ = 00166667, T = 5o

Simple dpplOXlllldthll

small mosa’C’ty —— NCrystal default
n ot b ackscat' 7777777777 ------- Tmproved approximation |
- Reference mteglatwn

AR
£

/ “ Slmple: OK

\
1

H \ b
- lmproved:-OK
/ E \ ]
/ \ Num.Int.: OK
/ : \ :
[} : \ i
I H \ :
RRY AR R ik N\l b i i S s |
/ : \ :
/ : \ :
/ : \ :
J : \ i
/ \ :
/ N\ .
4 N\ :
’ H
e L Sy
24.95 25.00 25.05

Angle between neutron and normal (°)

(and not backscattermg)

/T —52 /sma N
OBragg(@.7) = @ X \/— eXp[——50/0' x erf [ sin 1/ (2wa?)

ol

Improved form extends validity

to much larger mosaicities




Single Crystals with Gaussian mosaicity

Can model monochromators, analysers, SC samples

NCrystal

X. X. Cai & T. Kittelmann

Density of normals @ Bragg condition

1500 |-

=)
<]
S

I
=]
=

The tricky part* is the integration of mosaic
density along circle of Bragg condition.

condition

*: Once contributing normals
Have been identified.

Simple closed-form approx.
valid for small mosaicity

Density of normals @ Bragg

a= 7/2 Ug = 25°, ¢ = 00166667, T = 5o
Simple dpplOXlllldthll
small mosa’C’ty —— NCrystal default
_not backscat' 777777777 ------- Improved approximation |
: Reference 111teg1at10n
P
/- N\
/ : \ . :
iR Slmple: OK

/ : \ ;
fo-improved: OK

/ . \ ]

/¢ \ Num.Int.: OK

/ : “ :

[} : \ i

/ ; \ :
RRY AR R ik N\l b i i S s |

I . \ H

/ : \ :

/ : \ :

/ H \ :

/ : \ H

/ ; \ H

4 & N\ H

- ’ : N\ N
24.95 2) 00 25.05

o= 7r/2€]3 QJJ3T 50

T e— Sunple appwvnnatlon

Large mosalaty —— NCrystal default
no t baC k SC. at ----- Improved approximation

Reference integration

Simple; ~OK
~Improved: 0K
Num. Int.: OK

e
25 30 35 40
Anl,l( bct ween neutron and normal (°)

(and not backscattermg)

7 —52 /sma
1 f
O'Bragg(aufy) Q X \/— GXp[ 50/0 AR [ sin y 1/ 27’(’0’2

ol

Improved form extends validity

to much larger mosaicities

24




Single Crystals with Gaussian mosaicity NCrystal

Can model monochromators, analysers, SC samples X. X. Cai & T. Kittelmann
~ a= 7/2 Ug = 25°, ¢ = 00166667, T = 5o
Small mosaicity 1%
5ol not backscat' 777777777 ------- ;mfromd \ptplomtuntlon ]
. elerence 1mtegration

/ \ Simple: OK

\
1

Density of normals @ Bragg condition
-

: \ H
1000 fo-improved: OK
; \ ]
/¢ \ Num.Int.: OK
/ : “ :
/ E \
I : \
500 |- B R Feaneneanand RIS
I = \
/ : \
/ : \
/ ; \
/ : \
/ N\
/ H N,
i *" : \~~
24.95 3500 25.05
o= 7r/2 o= QJ =238 7="5¢
10f-

T e— Sunple appwvnnatlon

Large mosalaty R

The tricky part* is the integration of mosaic | | not backscat. e
density along circle of Bragg condition. L Simple: ~OK
= ~tmproved: 0K
r Num. Iht.: OK
*: Once contributing normals ¥ Pl =t oit g t=es eI e s
Have been identified. z

Simple closed-form approx. |
valid for small mosaicity R
(and not backscattering):

1 L I e
20 25 30 35 40
Angle between neutron and normal (°)

sin o y N
siny ~ 1/(2w0?)

2 2
T2 — 0§
202

1
O'Bragg(auv) = Q X \/%0' GXp[——50/0' ] x erf [

% = o =1 Improved form extends validity

to much larger mosaicities




Single Crystals with Gaussian mosaicity

Can model monochromators, analysers, SC samples

NCrystal

X. X. Cai & T. Kittelmann

a 77/2—9}3*20 07001666()7° F=bo

(lfT/Z 9}373 071 1 — 50

Simple dpplOXlllldthll 01 ------------- »»»»»» —— Gnuplc 1pp10>‘(11111t10n‘
small mosa’C’ty —— NCrystal default C’ose to : —— NCrystal default
1500k ... not backscat_ ,,,,,,,,, ------- Improvcd e(u)proxh‘nat‘ion q . backscatter’ng 77777777777777777 Improved approximation
g : Reference integration E 2ol Rctelence mtwlatxon
f / \ Simple: OK 2l N Slmple' Falls—wi rrrrrr
2 : /I : 8 AN :
2 a0 i miprOveds OKH S - \! Improved: ~OK
E 3 ," ~ \Num.Int.:OK | : W\ Num.Int.: OK ]
Z : / \ : z \ : : : :
Z 500 R Feoeeennnn A T 2 :
£ : / i \ : a
1 / X : .
Hii74 N
¥ 24*0: 23;00 - 5.0 % 1 2 3 -|1 5 6 7 B
(177r/2 9]372) 073"77‘)0 a=mj2-th=10=1%r="5c
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Improved form extends validity
to much larger mosaicities




Single Crystals with Gaussian mosaicity

Can model monochromators, analysers, SC samples

NCrystal

X. X. Cai & T. Kittelmann

a 77/2—93*20 070016()()()7° F=bo

af'r/z 9}373 071 1 — 50

z ‘ ‘
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Code

automatically picks

appropriate method
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Pyrolythic Graphite NCrystal

Special anisotropic model X. X. Cai & T. Kittelmann

Layered crystal model:

* Usual Gaussian mosaic distribution is
“smeared out” by rotation

» Exhibits both single-crystal and powder
features. Z

0.4° rnoszaicity
Wriite pezrr)

Logainie

Features:
* Cross-sections determined
by efficient pre-search followed
by fast Romberg integration of
usual Gaussian mosaicity code.
* Features realistic transmission probabilities
and multiple-scattering effects (incl. “zig-zag walk”)




NCrystal physics NCrystal

Inelastic/incoherent scattering (‘“Bkgd”) X. X. Cai & T. Kittelmann

Inelastic cross-section estimated by multi-phonon
expansion, calculated via custom FFT code during
the Initialisation stage:

: R —_— Order 0 (incoheren.t only)
%= extrapolationtoo, ~ —— Order 1
; = Order 2
= Order 3
e Order 4
. i i = Order 5
E 12.5 FeemeeH ot R e, e Order 10
E 3 phonons === QOrder 40
: 100 A~ 2 phonons ----------------------- === Order 40 plus extrapolation )
o - H
7 <Ng— 1phonon Nickel
e 7 \ ......
5.0
/ //""‘ \
25 e incoherent-elastic
0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Neutron wavelength (A)




NCrystal physics NCrystal

Inelastic/incoherent scattering (‘“Bkgd”) X. X. Cai & T. Kittelmann

Inelastic cross-section estimated by multi-phonon
expansion, calculated via custom FFT code during
the Initialisation stage:

Order 0 (incoherent only)

free m= Order 1
= Order 2
= Order 3
e Order 4
. i i = Order 5
O 125 e e R e —
2 3 phonons o
: 0o ~N 2 phonons ----------------------- === Order 40 plus extrapolation )
o - H
7 <S5 1phonon Nickel
% 7.5 74 \ """
5.0
25 e incoherent-elastic
0.0
0

0.0

5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Neutron wavelength (A)




NCrystal physics NCrystal

Inelastic/incoherent scattering (‘“Bkgd”) X. X. Cai & T. Kittelmann

Inelastic cross-section estimated by multi-phonon This approach much more reliable than any of the
expansion, calculated via custom FFT code during various empirical formulas people typically employ
the Initialisation stage: (e.g. Cassels 1950, Freund 1983, Einstein model, ...)

Order 0 (incoherent only)

Lk e e . Si_sg227.ncmat Ge_sg227.
%= extrapolation to o, —— Order 1 o T spragasl — Spbraggt
ree Si 0.Aizawa 1985 EXFOR 22007002 Ge = B.Grabcev 1979 EXFOR 30528006
i i = Order 2 = LKoester 1979 EXFOR 20857018 ©  E.Suetomi 1985 EXFOR 22036002
Order 3 »  B.Grabcev 1979 EXFOR 30528003
— £ .
= Order 4 i
i<}
— i i = Order 5 g 10 10t
SRR TR S— P — —— e Order 10 “
5 3 phonons ¢
E‘ P e Order 40 W
: A~ 2 phonons ----------------------- === Order 40 plus extrapolation ) o?
z 100 H ____ AI203_sg167_Corundum.ncmat
E H H skipbragg=1
3] ' il M J.AHarvey 1977 EXFOR 13761006 - = .
('vli <—¥— 1 phonon N iCkel lor w o * DFRMidner 1993 EXFOR 14302002 | o e\}" 1 0
bt T e Nickel .
g / — = Sapphire
8 ,
5.0 B——— ﬁ . ;
/— £ 10 Py,
/ %b
25 e incoherent-elastic
/ 107 5 = = T g 2
10 10° 10 10 10 10
0.0 energy, eV
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Neutron wavelength (A)

Diamond




NCrystal physics NCrystal

Inelastic/incoherent scattering (‘“Bkgd”) X. X. Cai & T. Kittelmann
Inelastic cross-section estimated by multi-phonon This approach much more reliable than any of the
expansion, calculated via custom FFT code during various empirical formulas people typically employ
the Initialisation stage: (e.g. Cassels 1950, Freund 1983, Einstein model, ...)

—: Order 0 (incoheren:t only) 0 I o
17.5 4" aviranalation to a0 e . - Siisg .ncmat __ Ge_sg227.ncmat
e Order 1 . sklgbragg=1 skipbragg=1
; —— Order2 Si = LKoester 1979 EXFOR 20857018 Ge. it homn oo oo
15.0 . . . I Order 3 g ¢ B.Grabcev 1979 EXFOR _’:0528003
s Order 4 -

. = Order 5 % 10 Lo*

125 e i R g e m= Order 10 g
g: !/ﬁphonons === QOrder 40 -

S 10.0 ,\\ 2 phonons """""""""""" Order 40 pluS eXtr?pO]atmn - h ___ AI203_sg167_Corundum.ncmat

E : : 10';07‘_._._._._._..1.373_._._._._...;.2 Js.l:F]Hbar?\?egy=11977 EXFOR 13761006 e 5 i

;’: 5 / 4—% 1 phcnon NiCkel ------ ©  D.F.R.Mildner 1993 EXFOR1430?002 trv ey

g / N 1

5.0

25 Y // incoherent-elastic

00 10 107 10'2energy’ e\}o" 10° 10%
0.0 0.5 1.0 1.5 2.0 2 3.0 3.5 4.0

5
Neutron wavelength (A)

Advantage: Works without extra input (such as scatter kernels)!
Limitation: No specific modelling of energy transfers & scatter-angles.
Work in progress: Trying to mitigate limitation somewhat.

S

...but will in any case not always be precise enough...




NCrystal physics NCrystal

Planned support for detailed inelastic/incoherent data X. X. Cai & T. Kittelmann

e 2 U
0.020 . TN W
0.015 al F ot
X ! 0.25
0.010 i B d

L 1 b i 5. oo

3 390 i

< gioog { i §:

gaau l ﬁ ?
S ggot ‘ L BETH | R 8:68

> 5 10 15 20 e

Q, AA~{-1}




NCrystal physics NCrystal

Planned support for detailed inelastic/incoherent data X. X. Cai & T. Kittelmann

4t vanadium
scatter patterns = [
(no kernel)

Same patterns
with dedicated =%
scatter kernels




NCrystal physics NCrystal

Planned support for detailed inelastic/incoherent data X. X. Cai & T. Kittelmann

Density of states

4 6 . 15
Frequency Q, AA~{-1}

Aim is ability to model individual scatterings precisely,

not just many-scattering effects. Improving algorithms
where needed:

4t vanadium
scatter patterns =%
(no kernel)

Rejection-based sampling of inelastic neutron scattering

X.-X. Cai*®* T. Kittelmann®, E. Klinkby®®, J.I. Marquez Damian®
“Technical University of Denmark, Denmark

b European Spallation Source ERIC, Sweden
“Nuclear Data Group, Neutron Physics Department, Centro Atomico Bariloche, CNEA, Argentina

Submitted to J. Comput. Phys.
U (arXiv:1808:02634)
Same patterns
with dedicated =%

scatter kernels

Distributions of inelastically scattered neutrons can be quantum dynamically described
by a scattering kernel. We present an accurate and computationally efficient rejection
method for sampling a given scattering kernel of any isotropic material. The proposed

method produces continuous neutron energy and angular distributions, typically using




Validate PC/Powder Bragg & Inel./incoh. NCrystal

models with EXFOR total x-sects N —

Some examples shown here, 1 General good agreement, but
10 - - - - .
Find all on wiki data-library page. data is not always perfect
N .
102 ‘ ‘ , (doesn’t agree with other data)
—— Mo_sg229.ncmat =
F.Kropff 30413002 3 103 - , ; :
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c 0 E
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@ 10
10! 102 —— Ni_sg225.ncmat
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- V.P.Vertebnyj 40294002 | % H Balovskyr 11555002
- ¢+ H.Palevsky 11663002 g
= ——————
I 10 1(5 c
c energy, e\ =
° 0 g 8
5 10 Mg_sg194.ncmat 7 10! w
& temp=101 g @
3 Mg_sg194.ncmat @ S
G temp=298 o
Mg_sg194.ncmat -
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Validate Single Crystal code against NCrystal

analytical predictions or other codes N T

1400 T T
0.35 T T T T T T —— 10'-20'-40' MC fit
] # - = Hu's analytical model, {=0.2 —— 10%-20'-40" analytical
0.30 S & = = Hu’'s analytical model, {=0.5 1200 10%-20°-10" MC fit
il Y - = Hu's analytical model, {£=1.0 10%-20-10" analytical
< . 10'-20'-40' MC
L ‘ N E § G4 NCrystal, {£=0.2 1000F & 10'-20'-10'MC
0.25F "¢ s~ N & G4 NCrystal, {&=0.5
$ .
¥ G4 NCrystal, {&=1.0

reflectivity
IS
N
o

=]
=
=]

1600 ——m

— 10'-20'-40" MC fit

—— 10'-20'-40" analytical
10'-20'-10" MC fit

—— 10'-20'-10" analytical

1200 & 10-20-40'MC

© 10'-20'-10'MC

1400

e liwes =) J
1535 1540 1545 1550 1555 1560 1.565

o Collimator-Monochromator-
Collimator assembly (CMC)

0 o raa
-0.020 -0.015 -0.010 -0.005 0.000 0.005 0.010 0.015 0.020
Aangle, radian

Slabs

% 10" . e — Analytical
Graphite slab — Analytical T Nerystalsim
-reflectivity . 1 Nerystalsim
e o Monte Carlo 0.5° mosaic
— analytical model 2° mosaic
= ® Monte Carlo 2° mosaic
00 T o
ey e
§ 3mm thickness - S . e
¥ o :\osaici(y 0.3°
i ,=35.9° . .
Run in McStas to validate
0.1
Against existing crystal
0953 35.6 35.8 36.2 36.4 36.6 InSidenwavslengts

36.0
angle, degree

Sample monochromator rocking curve and A dependency




Technical check for consistency

NCrystal

X. X. Cai & T. Kittelmann

of Single Crystals codes

3-5 T ! T T 1
. . ) . . . Al203 (sgl67, Corundum) ' ) - ..
In pr|nC|ple an ISOtrOplcally |“um|nated 1° mosaicity, 10° samples per point Powdered crystal
. . 3 3 3 *  Single crystal (isotropic average)
single crystal should on average give 0P I e 5 . ‘ ‘ 1
powder-like cross-sections. | ‘
5 1

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

b
o

—_
Ut

sprec= 1075, N=10°

3 4 5
Neutron wavelength (A)

Cross section (barn)

—_
S
T

Another check is that consistent SC
codes should provide “zig-zag walk” 0.5}

0.0 \ \ \ | | a
0 1 2 3 4 5 6 7 8

Neutron wavelength (A)

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




Large validation effort NCrystal

Against measurements, formulas, other codes, ... X. X. Cai & T. Kittelmann

Reproduce powder data, simulating IFE PUS
Instrument with collimator, monochromator
and powder sample (sapphire).

0.20

T
IFE:PUS measured

o o
= =
o w

o
o
o

count rate, arb. unit

0 20 40 60 80 100 120 140 160
. scattering angle, deg
Small discrepancy here should be

improved with inelastic scatter kernel




Outlook and planned work e == T brightness

* Most urgently: Finish and submit detailed publication (this fall)
e Continue work for upstream integration into Geant4, McStas, etc.

» Work with (or help) relevant experts

* Mustimprove multi-threading support (needed for proper ANTS2+Geant4 integration)
* Improve modelling of inelastic/incoherent components

* Including adding support for scatter kernels

* Butalso improve modelling of materials without such extra data.
e Support “impure” materials: multiphase alloys, dopings, contaminations, enrichments.
* Continue to expand data library size and capabilities

* Consider various (reasonable) requests:

» Support focusing in McStas, d-spacing deviations, asymmetric mosaicities, in-memory data files, ...
* Expand data library and documentation

Incomplete (sorry!) list of people who provided useful input, testing, bug reports or other support:
J. I. Marquez Damian, E. Dian, R. Hall-Wilton, K. Kanaki, M. Klausz, E. Klinkby, E.B.Knudsen, A. Morozov, P. Willendrup, ...

O Work rted by Horison2020 . ' /
n B i surported by Horizonaoa https://mctools.github.io/ncrystal/ _
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