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Agenda

• A brief introduction to McStas


• How McStas works under the hood


• A demo
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McStas Introduction
• Flexible, general simulation utility for neutron scattering experiments.


• Original design for Monte carlo Simulation of triple axis spectrometers


• Developed at DTU Physics, ILL, PSI, Uni CPH, ESS DMSC


• V. 1.0 by K Nielsen & K Lefmann (1998) RISØ


• Currently ~2-3 people full time plus students and user- 
contributions
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 GNU GPL license


Open Source

mcstas-users@mcstas.org mailinglistProject website at


http://www.mcstas.org

mailto:neutron-mc@risoe.dk
http://www.mcstas.org/
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 GNU GPL license


Open Source

neutron-mc@risoe.dk mailinglist
Project website at


http://www.mcstas.org

McXtrace - since jan 2009 similar for X-rays

• Synergy, knowledge transfer, shared infrastructure, repo etc.

mailto:neutron-mc@risoe.dk
http://www.mcstas.org/
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Saved from:
https://www.amcharts.com/visited_countries/#AT,BE,CH,CZ,DE,DK,ES,FR,GB,GR,HU,IT,NL,NO,
RO,SE,SK,RU,CA,US,AR,BR,ZA,CN,ID,IL,IN,IR,JP,KR,MY,TH,AUUsed in many places
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McStas: Transports cold and thermal Neutrons using 
Monte Carlo ray-tracing

6

Subatomic particle discovered by
Sir James Chadwick in 1932

E =
1

2
mv2 =

~2k2
2m

� = 2⇡/k,

Life time: ⌧1/2 = 890s
Mass: m = 1.675⇥ 10�27kg
Charge: Q = 0
Spin: s = ~/2
Magnetic moment: µ/µn = �1.913

E = 81.81 · ��2 = 2.07 · k2 = 5.23 · v2

Similar-featured Monte Carlo 
ray-tracers:


• (NISP*, LANL/ P. Seeger)


• McStas - this talk and collab.


• Vitess, HZB - FZJ


• RESTRAX/SIMRES, NPI


• (IDEAS, ORNL)


• McVine, ORNL


•  RAMP, ISIS STFC


• Prompt*, CSNS

*no “linear chain” approach

… Non-relativistic velocities, 
and Born-approximation “non-
quantum" treatment. 
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McStas builds on: 
Monte Carlo techniques
• Los Alamos has since then developed and perfected many different Monte Carlo codes leading to 

what is today known as the codes MCNP5 and MCNPX

• State of the art is MCNP6 that features numerous (even exotic) particles

• MCNP was originally Monte Carlo Neutron Photon, later N-Particle

• Mainly used for high-energy particle descriptions in weapons, power reactors and routinely used for 

estimating dose rates and needed shielding

• Not much focus on crystalline / ordered material and coherent scattering of neutrons due to 

the focus on high energies 
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McStas builds on: 
Ray-tracing methods

• When neutrons move in “free space”, we use ray-tracing - but in most cases in direction source -> detector 
(Restrax from NPI Řež has a sample-to-source mode)


• Of course parabolas rather than straight lines are uses to implement gravity
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Reliability - cross comparisons
•Much effort has gone into this

•Here: simulations vs. exp. at powder diffract. DMC, PSI

•The bottom line is

•McStas agree very well with other packages (NISP, Vitess, IDEAS, RESTRAX, ...)

•Experimental line shapes are within 5%

•Absolute intensities are within 10% 

•Common understanding: McStas and similar codes are reliable
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P. Willendrup et al., Physica B, 386, (2006), 1032.
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Abstract

The McStas[1],[2] neutron ray-tracing simulation packageis a
collaboration between Risø DTU, ILL, University of Copen-
hagen and the PSI.

During its lifetime, McStas has evolved to become the world
leading software in the area of neutron scattering simulations
for instrument design, optimisation, virtual experiments[3][4][5]
and science.

This poster includes an introduction to the McStas package,
recent and ongoing simulation projects. Furhter, new features
in the 1.12c and 2.0 releases are discussed.

McStas Facts

Figure 1: McStas world dissemination. We are represented in
the red-colured parts of the world

- McStas first official release in October 1998 (v. 1.0)
- McStas is now at release 1.12c (June 3rd 2011)
- Next major release is 2.0, expected in 2011
- McStas has 136 components in cathegories of
- Continuous and pulsed neutron sources
- Neutron optics, including polarized equipment
- Sample components for incoherent scattering, powders, single crystals
(structural and magnetic), phonons, liquids, small angle scattering
- Monitor components
- McStas now includes support for polarised neutrons
- McStas includes 66 example instruments
- McStas has complete documentation and tutorial material, all included
- McStas is free, open source software (GNU Public License version 2.0)
- McStas includes valuable user contributions
- McStas is used at all major neutron scattering facilities
- McStas is platform independent, Ubuntu GNU/Linux 9.10 & 10.4., Win-
dows XP & Vista & 7, Mac OS X 10.3-10.6, in 32 and 64 bit are fully
supported
- McStas features easy to use parallelisation methods for multi-core ma-
chines, clusters and grids
- Installation is straightforward on all the platforms, but we provide
VMware and Knoppix based solutions for users who want that. Ready
to run - NO installation!

McStas example instruments

Figure 2: Overview of the McStas example instrument suite.
Many TOF-machines, should we consider a rename to McStof?
:)

McStas for Instrument design
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Willendrup & Cussen µTAS Fig3
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Willendrup & Cussen µTAS Fig4
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Figure 3: Various figures from [6]. The paper compares perfor-
mance of a miniature TAS with a machine of classical size.

McStas for Virtual Experiments
IN6 @ ILL, liquid Ge

Figure 4: From [4] Example virtual experiment, luiquid germa-
nium at ILL IN6 TOF machine. Full detector signal and its com-
position: Single coherent scattering, Single incoherent scatter-
ing, Multiple scattering, cryostat and container contributions.

IN22 @ ILL, liquid In
Via the S(q,ω) scattering function, the McStas component
Isotropic_Sqw can be used to model scattering from isotropic
materials, e.g. liquids. Tabulated values of S(q,ω) from for
instance ab initio or molecular dynamics simulations are used.

Figure 5: LEFT: Schematic of the IN22 instrument. RIGHT:
Special levitaion furnace used in the experiment.
To avoid influence of sample environment on the signal from
the liquid In, we used a special levitation device, see the fig-
ure. Ar gas was flowing through a B4C nozzle, levitating the
sample.

Figure 6: LEFT: Simulated and measured scans of In liquid
structure. RIGHT: Simulated and measured scans of In liquid
dynamics.
Apart from the expected signal from In, Bragg peaks of un-
known origin were seen. Scattering from the highly neutron
absorbing B4C, unexpectedly had a large influence on the mea-
sured signal, revealed by simulation.

New releases: 1.12c and 2.0
• McStas 1.12c - available at http://www.mcstas.org/download

– Released on June 3rd 2011
– Update release, the last in the 1.x series
– Fix of a bug in the rectangular focusing routine
– Introduction of –ncount as unsigned long long int in place of double.

Using double could potentially lead simulations to "hang".
– If gnuplot is available at installation time, mcplot and mcgui can use

this in place of PGPLOT.
– Various component and instrument bugfixes

• McStas 2.0 - preview code via http://www.mcstas.org/svn
– Uniformized parameter naming across components (breaks some

backward compatibility for user-instruments)
– New feature in the meta-language for placing a grid of similar com-

ponents - practical for e.g. large analyzer arrays
– Likely a new tool layer, likely python based (replacing

perl+Tk+pgperl+PGPLOT) - dedicated staff hired for the purpose
– All components support polarized neutron simulations
– Standardized method for neutron propagation in tabulated magnetic

fields (e.g. from Radia or freefem)
– Possibility for nesting magnetic fields, e.g. for stray fields
– A richer suite of example instruments with more thorough testing of

components
– Support for any shape in our sample components and some optics

components, facilitated via Geomview OFF format
– Possibly a new set of optimizers of type genetic algorithm / swarm

etc.
– Interface-code for the iFit data analysis package
– Interface-code for the Mantid analysis package
– Potentially sharing of visualisation solution with Vitess
– Expected release in 2011
– SVN version fully functional, only docs and new tool layer is
missing!

References

[1] K. Lefmann and K. Nielsen, McStas, a General Software Package for
Neutron Ray-tracing Simulations, Neutron News 10, 20, (1999).

[2] McStas project website at http://www.mcstas.org

[3] P. Willendrup et al.: Validation of a realistic powder sample using data
from DMC at PSI, ICNS 2005 proceedings.

[4] Hugouvieux V, Farhi E, Johnson MR, et al.: Structure and dynam-
ics of l-Ge: Neutron scattering experiments and ab initio molecular
dynamics simulations", PRB 75 (2007) 104208

[5] K. Lefmann et al., Virtual experiments - the ultimate aim of neu-
tron ray-tracing simulations, Journal of Neutron Research 16, 97-111
(2008)

[6] P.K. Willendrup, L.D. Cussen, Numerical simulation study of the per-
formance of a small neutron three axis spectrometer, Nucl. Instr. and
Meth. A (2011), doi:10.1016/j.nima.2011.01.118

[7] iFit website at http://ifit.mccode.org

[8] Mantid project website at http://www.mantidprojet.org

[9] Vitess project website at http://www.helmholtz-berlin.de/vitess

Keywords: McStas, Monte Carlo sim., Software, Neutrons, Instruments
PACS: 61.12-q, 05.10.Ln

E. Farhi, P. Willendrup, from IN22 benchmark exp.



Peter Willendrup, ESS DMSC & DTU Physics

Elements of Monte-Carlo raytracing
• Instrument Monte Carlo methods implement coherent (and stochastic) scattering effects

• Uses deterministic propagation where this can be done

• Uses Monte Carlo sampling of “complicated” distributions and stochastic processes and multiple 

outcomes with known probabilities 
- I.e. inside scattering matter


• Uses both particle and wave picture of the neutron and switches back and forward between 
deterministic ray tracing and Monte Carlo approach


• Result: A realistic and efficient transport of neutrons in the thermal and cold range
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In the big picture, McStas is this…

• Classical Newtonian mechanics, i.e.                                                     and 


• (independent, particles though…)
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In the big picture, McStas is this…

12

Instrument

The instrument defines our “lab coordinate system”
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In the big picture, McStas is this…
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Instrument

Component
Component

Component

The instrument defines our “lab coordinate system”
The components define devices or features available in our instrument
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In the big picture, McStas is this…

14

Instrument

Source
Sample

Monitor


The instrument defines our “lab coordinate system”
The components define devices or features available in our instrument - they have different function
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In the big picture, McStas is this…

15

Instrument

Source
Sample

Monitor


Neutrons

The instrument defines our “lab coordinate system”
The components define devices or features available in our instrument - they have different function
Neutron particles are passed on from one component to the next, changing state under way

Neutron ray in McStas:


Location         x,y,z


Velocity          vx,vy,vz


Time               t


Polarisation.   sx,sy,sz


Intensity         p

Smells like 
spin, but  is in fact  

“expectation-value 
of ensemble of 
neutrons in ray-

package”.
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The weight multiplier of the  j’th component,      , is calculated by the probability rule 
where Pb is the physical probability for the event ”b“, and           is the probability that the Monte Carlo  
simulation selects this event. 


In case of “branching”, i.e. multiple outcomes, it is clear that 


 

Transport of weight through the instrument…
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Instrument

Source
Sample

Monitor


p0
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being emitted by the previous component. If the ray does not reach this point,
we take pi,j−1 = 0. The weight of the neutrons emitted from this point in the
simulations, i.e. after interacting with component j, is expressed by

pj = wjpj−1, (14.5)

where the ray index, i, is omitted for simplicity. The weight multiplier of the
j’th component, wj , is calculated by the probability rule

fMC,bwj = Pb , (14.6)

where Pb is the physical probability for the event ”b“, and fMC,b is the proba-
bility that the Monte Carlo simulation selects this event.

Often, there is only one allowed event, giving fMC = 1, whence wj = P .
This may, e.g., be the case for neutrons being attenuated when passing through
absorbing materials. When a Monte Carlo branch point is reached (selection
between several events), we have fMC,b < 1 for each branch, b. However, since
fMC is a probability function, we must have

∑

b

fMC,b = 1. (14.7)

14.3.3 Estimates of simulation uncertainty

In a stochastical simulation, it is important to be able to estimate the uncer-
tainty, in the same way as for experiments. We here present a simple derivation
of the uncertainty in simulations with weight factors.

As a simple start, let us imagine M rays, all with weight factor p. Each ray
is imagined to have an overall probability, Pd, of reaching the detector. The
distribution of observed rays will be binominally distributed with a mean value
N̄ = MPd and variance σ2(N) = MPd(1−Pd). Very often, we will have Pd " 1
and large values of M , so that MPd # 1. In this case, the distribution will be
approximately Gaussian with a standard deviation

σ(N) =
√

MPd =
√
N, (14.8)

where the observed value, N , is used as the best estimate for the true average,
N̄ . Recalling that the rays have weight factors, the total simulated intensity
becomes

I = Np, (14.9)

with a variance
σ2(I) = Np2. (14.10)

We now allow the rays to have (discrete) different weight factors, pi. The
simulated number of rays in each class is denoted ni (standard deviation

√
ni).

The total simulated result is now

I =
∑

i

nipi. (14.11)
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In a given component, the neutron intensity is adjusted by a multiplicative factor (probability) 
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being emitted by the previous component. If the ray does not reach this point,
we take pi,j−1 = 0. The weight of the neutrons emitted from this point in the
simulations, i.e. after interacting with component j, is expressed by

pj = wjpj−1, (14.5)

where the ray index, i, is omitted for simplicity. The weight multiplier of the
j’th component, wj , is calculated by the probability rule

fMC,bwj = Pb , (14.6)

where Pb is the physical probability for the event ”b“, and fMC,b is the proba-
bility that the Monte Carlo simulation selects this event.

Often, there is only one allowed event, giving fMC = 1, whence wj = P .
This may, e.g., be the case for neutrons being attenuated when passing through
absorbing materials. When a Monte Carlo branch point is reached (selection
between several events), we have fMC,b < 1 for each branch, b. However, since
fMC is a probability function, we must have

∑

b

fMC,b = 1. (14.7)

14.3.3 Estimates of simulation uncertainty

In a stochastical simulation, it is important to be able to estimate the uncer-
tainty, in the same way as for experiments. We here present a simple derivation
of the uncertainty in simulations with weight factors.

As a simple start, let us imagine M rays, all with weight factor p. Each ray
is imagined to have an overall probability, Pd, of reaching the detector. The
distribution of observed rays will be binominally distributed with a mean value
N̄ = MPd and variance σ2(N) = MPd(1−Pd). Very often, we will have Pd " 1
and large values of M , so that MPd # 1. In this case, the distribution will be
approximately Gaussian with a standard deviation

σ(N) =
√

MPd =
√
N, (14.8)

where the observed value, N , is used as the best estimate for the true average,
N̄ . Recalling that the rays have weight factors, the total simulated intensity
becomes

I = Np, (14.9)

with a variance
σ2(I) = Np2. (14.10)

We now allow the rays to have (discrete) different weight factors, pi. The
simulated number of rays in each class is denoted ni (standard deviation

√
ni).

The total simulated result is now

I =
∑

i

nipi. (14.11)

Version of September 7, 2015

pj = p0

jY

k=1
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Neutron ray in McStas:


Location         x,y,z


Velocity          vx,vy,vz


Time               t


Polarisation.   sx,sy,sz


Intensity         p
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McStas is by design a “linear chain” of components

• But:

• We have syntaxes/logic to e.g.GROUP 

components. (Think: XOR and similar logic)


• Material-assemblies may be arranged in  
“concentric” onion-shell assemblies


• The Union subsystem (Mads Bertelsen) has  
been added, defining region(s) of the  
instrument where geometry and materials  
are decoupled and we completely deviate  
from the linear approximation


• NCrystal may be used to describe materials, 
also within Union. cfg=“materials_galore.ncmat”
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Samplin
0

1
2

2

3

3

4
5

A

B

C

{SPLIT} COMPONENT name = comp(parameters) {WHEN condition}
  AT (...) [RELATIVE [reference|PREVIOUS] | ABSOLUTE]
  {ROTATED {RELATIVE [reference|PREVIOUS] | ABSOLUTE} }
  {GROUP group_name}
  {EXTEND C_code}
  {JUMP [reference|PREVIOUS|MYSELF|NEXT] [ITERATE number_of_times | WHEN condition] }

Union-framework
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… in .py / Jupyter notebooks 
using McStasscript
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McStas: simulation toolkit for 
neutron scattering instruments, V.E.

Code generation

DSL ISO C

Work in GUI or fav. 
editor using DSL or …
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… in .py / Jupyter notebooks 
using McStasscript
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McStas: simulation toolkit for 
neutron scattering instruments, V.E.

Code generation

DSL ISO C

Work in GUI or fav. 
editor using DSL or …

Run-times of “small” 
problems are often done in 
seconds to minutes, but you 
may also use a  
“bigger hammer” if needed…
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… in .py / Jupyter notebooks 
using McStasscript
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McStas: simulation toolkit for 
neutron scattering instruments, V.E.

Very portable. 1…N CPU’s via MPI

+ NVIDIA GPU’s

Big example suite:  
~252 instrument examples

Code generation

DSL ISO C

Work in GUI or fav. 
editor using DSL or …
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… in .py / Jupyter notebooks 
using McStasscript
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McStas: simulation toolkit for 
neutron scattering instruments, V.E.

Very portable. 1…N CPU’s via MPI

+ NVIDIA GPU’s

Big example suite:  
~252 instrument examples

Code generation

DSL ISO C

Work in GUI or fav. 
editor using DSL or …

* Open Source (GPLv3)

* “Large” user community, “accepted” code, many user contrib.


* Good user support


* Interconnects with e.g. MCNP(x), Geant4, OpenMC, Vitess via 
direct interfaces or MCPL


* May use built-in material models or use e.g. NCrystal, SASmodels 
etc.


* Generates NeXus/HDF that loads in Mantid


*Made with the “instrument scientist” in mind
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McStas: simulation toolkit for 
neutron scattering instruments, virtual experiments
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Very complete 
suite of neutron- 
optical devices 
and models. 
 
(And “rolling your own” for any type of 
   “component” is straightforward.)

Detectors

In most cases ideal, but: 
* Easy to add point-spread fct. 
* He3 model included 
* Hooks to e.g. Geant4 via MCPL 

Scientific model-samples

Includes relevant models for ‘all’  
scattering disciplines, e.g. SANS, imaging, 
reflectometry, pwd+sx diffraction, spectroscopy


n
McStas Models instruments at reactors or 

spallation sources 
 
(Needs source term from e.g. MCNP or OpenMC.)

Sample-environments

Union-framework included

n
McStas

+

~600

- 2 orders of magnitude speedup. 
(1x Tesla V100 vs 1 Intel Xeon core)

McStas supports MPI and from 3.x 
Nvidia GPUs 

 Includes library of neutron moderators at existing and future facilities.



Peter Willendrup, ESS DMSC & DTU Physics

Maximum performance indication on NVIDIA A100 (Ampere)
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Idealised instrument 
with source and monitor 
only - i.e. without any 
use of the ABSORB 
macro. 
 
(Good indication 
of  maximal speedup  
achievable.)

Peter Willendrup, DTU Physics and ESS DMSC

~600

Earlier dataset from V100 ~600

Maximal speedup: ~1000

Execution speedups  
renormalised to wall- 
clock of single-core 
gcc standard simulation,


A100 run can be ~ 
1000 times faster 
than a single- 
core CPU run

vs

vs

Older “Gamer-GPU” 
e.g.  GeForce 1030 is ~  

0.1 V100 or 0.05 A100
1. McStas intro
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What is McStas used for?

• Instrumentation

• Planning

• Construction

• Virtual experiments

• Data analysis

• Teaching
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(KU, DTU)
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Writing new comps or understanding existing is 
not that complex...
• Check our long list of components and look inside... Most of them are quite 

simple and short... Statistics: 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Writing new comps or understanding existing is 
not that complex...
• Check our long list of components and look inside... Most of them are quite 

simple and short... Statistics: 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(update: 175)
Number of lines of code per component - 240 comps in total 

• Well-developed community support

–30-40% of existing and new additions are from users

–No direct refereeing of the code, but these requirements:


–At least one test-instrument

–Meaningful documentation headers (in-code docs)


–Contributions go in dedicated contrib/ section of library
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Thanks to all users, contributors, developers, 

• DEMO TIME
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