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Preface and acknowledgements

This document contains information on the neutron scattering components which are
the building blocks for defining instruments in the Monte Carlo neutron ray-tracing
program McStas version 2.1. The initial release in October 1998 of version 1.0 was
presented in Ref. [LN99] and further developed though version 2.0 as presented in Ref.
[Wil+14]. The reader of this document is not supposed to have specific knowledge of
neutron scattering, but some basic understanding of physics is helpful in understanding
the theoretical background for the component functionality. For details about setting up
and running simulations, we refer to the McStas system manual [Wil4+05]. We assume
familiarity with the use of the C programming language.

It is a pleasure to thank Dir. Kurt N. Clausen, PSI, for his continuous support to
McStas and for having initiated the project. Continuous support to McStas has also
come from Prof. Robert McGreevy, ISIS. Apart from the authors of this manual, also
Per-Olof Astrand, NTNU Trondheim, has contributed to the development of the McStas
system. We have further benefited from discussions with many other people in the
neutron scattering community, too numerous to mention here.

The users who contributed components to this manual are acknowledged as authors
of the individual components. We encourage other users to contribute components with
manual entries for inclusion in future versions of McStas.

In case of errors, questions, or suggestions, do not hesitate to contact the authors
at mcstas@risoe.dk or consult the McStas home page [Mcs|. A special bug/request
reporting service is available [Mcz|.

Important developments on the component side in McStas version 2.1 as compared
to version 1.4 (the last version of the component manual; then a section of the system
manual) include

e Validation of most components against analytical formula, and benchmarking in
simple cases
e Newly added, realistic source components

— ISIS_moderator ISIS source model based on MCNPX (D. Champion and S.
Ansell, ISIS)

— Virtual_tripoli4_input/output Trioli4 (similar to MCNP) files reading/writ-
ing (G. Campioni, LLB)

— SNS_source SNS source model based on MCNPX (G. Granroth, SNS)

— Source_gen ILL sources Maxwellian parameters (E. Farhi/N. Kernavanois/H.
Bordallo, ILL)
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— ESS_moderator_short Calculated source model for the short pulse target
station of the ESS project (K. Lefmann, Risg)

— ESS_moderator_long Calculated source model for the long pulse target sta-
tion of the ESS project (K. Lefmann, Risg)
e Newly added, optical components

— Radial_collimator Radial collimator with both approximated and exact
options (E. Farhi, ILL)

— FermiChopper and Vitess_ChopperFermi Two Fermi Chopper components
(M. Poehlmann, G. Zsigmond, ILL and PSI)

— Guide_tapering A rectangular tapered guide (U. Filges, PSI)

— Guide_curved Non-focusing curved neutron guide (R. Stewart, ILL)

e A suite of sample components

— Inelastic_Incoherent Inelastic incoherent sample with quasielastic and elas-
tic contributions (K. Lefmann, Risg)

— Phonon_simple An isotropic acoustic phonon (K. Lefmann, Risg)
— PowderN. N lines powder diffraction (P.K. Willendrup, Risg)

— Sans_spheres hard spheres in thin solution, mono disperse (L. Arleth, the
Royal Veterinary and Agricultural University (DK), K. Lefmann, Risg)

— Isotropic_Sqw isotropic inelastic sample (powder, liquid, glass) elastic/inelas-
tic scattering from S(¢,w) data (E. Farhi, V. Hugouvieux, ILL)

— SANS_* A collection of samples for SANS (H. Frielinghaus, FZ-Jiilich)

We would like to kindly thank all McStas component contributors. This is the way
we improve the software alltogether.

The McStas project has been supported by the European Union, initially through
the XENNI program and the RTD “Cool Neutrons” program in FP4, In FP5, McStas
was supported strongly through the “SCANS” program. Currently, in FP6, McStas is
supported through the Joint Research Activity “MCNSI” under the Integrated Infras-
tructure Initiative “NMI3”, see the WWW home pages |[Mcna; Nmi].

If you appreciate this software, please subscribe to the neutron-mc@risoe.dk email
list, send us a smiley message, and contribute to the package. We also encourage you to
refer to this software when publishing results, with the following citations:

e K. Lefmann and K. Nielsen, Neutron News 10/3, 20, (1999).

e P. Willendrup, E. Farhi and K. Lefmann, Physica B, 350, 735 (2004).
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1. About the component library

This McStas Component Manual consists of the following major parts:
e An introduction to the use of Monte Carlo methods in McStas.

e A thorough description of system components, with one chapter per major cate-
gory: Sources, optics, monochromators, samples, monitors, and other components.

e The McStas library functions and definitions that aid in the writing of simulations
and components in Appendix

e An explanation of the McStas terminology in Appendix [C|

Additionally, you may refer to the list of example instruments from the library in the
McStas User Manual.

1.1. Authorship

The component library is maintained by the McStas system group. A number of basic
components “belongs” the McStas system, and are supported and tested by the McStas
team.

Other components are contributed by specific authors, who are listed in the code for
each component they contribute as well as in this manual. McStas users are encouraged
to send their contributions to us for inclusion in future releases.

Some contributed components have later been taken over for further development
by the McStas system group, with permission from the original authors. The original
authors will still appear both in the component code and in the McStas manual.

1.2. Symbols for neutron scattering and simulation

In the description of the theory behind the component functionality we will use the usual
symbols r for the position (z,y, z) of the particle (unit m), and v for the particle velocity
(vz, vy, v2) (unit m/s). Another essential quantity is the neutron wave vector k = m,v/h
, where my, is the neutron mass. k is usually given in A=, while neutron energies are
given in meV. The neutron wavelength is the reciprocal wave vector, A = 27/k. In
general, vectors are denoted by boldface symbols.

Subscripts ”i” and ”f’ denotes “initial” and “final”, respectively, and are used in
connection with the neutron state before and after an interaction with the component
in question.
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The spin of the neutron is given a special treatment. Despite the fact that each
physical neutron has a well defined spin value, the McStas spin vector s can have any
length between zero (unpolarized beam) and unity (totally polarized beam). Further, all
three cartesian components of the spin vector are present simultaneously, although this is
physically not permitted by quantum mechanics. For further details about polarization
handling, you may refer to the Appendix [A]

1.3. Component coordinate system

All mentioning of component geometry refer to the local coordinate system of the in-
dividual component. The axis convention is so that the z axis is along the neutron
propagation axis, the y axis is vertical up, and the = axis points left when looking along
the z-axis, completing a right-handed coordinate system. Most components 'position’
(as specified in the instrument description with the AT keyword) corresponds to their
input side at the nominal beam position. However, a few components are radial and
thus positioned in their centre.

Components are usually not designed to overlap. This may lead to loss of neutron
rays. Warnings will be issued during simulation if sections of the instrument are not
reached by any neutron rays, or if neutrons are removed. This is usually the sign of
either overlapping components or a very low intensity.

1.4. About data files

Some components require external data files, e.g. lattice crystallographic definitions
for Laue and powder pattern diffraction, S(gq,w) tables for inelastic scattering, neutron
events files for virtual sources, transmission and reflectivity files, etc.

Such files distributed with McStas are located in the data sub-directory of the McStas
library. Components that make use of the McStas file system, including the read-table
library (see section may access all McStas data files without making local copies.
Of course, you are welcome to define your own data files, and eventually contribute to
McStas if you find them useful.

File extensions are not compulsory but help in identifying relevant files per application.
We list powder and liquid data files from the McStas library in Tables[1.2]and[1.3] These
files contain an extensive header describing physical properties with references, and are
specially suited for the PowderN (see and Isotropic_Sqw components (see [8.7).

McStas itself generates both simulation and monitor data files, which structure is
explained in the User Manual (see end of chapter 'Running McStas’).

1.5. Component source code

Source code for all components may be found in the MCSTAS library subdirectory of
the McStas installation; the default is /usr/local/lib/mcstas/ on Unix-like systems

13



MCSTAS /data Description

* lau Laue pattern file, as issued from Crystallographica. For use
with Single_crystal, PowderN, and Isotropic_.Sqw. Data: [ h k
1 Mult. d-space 2Theta F-squared |

* laz Powder pattern file, as obtained from Lazy/ICSD. For use
with PowderN, Isotropic_Sqw and possibly Single_crystal.

* trm transmission file, typically for monochromator crystals and
filters. Data: [ k (Angs-1) , Transmission (0-1) ]

*rfl reflectivity file, typically for mirrors and monochromator crys-
tals. Data: [ k (Angs-1) , Reflectivity (0-1) |

* . sqw S(q,w) files for Isotropic.Sqw component. Data: [q] [w]
[S(gq, w)]

Table 1.1.: Data files of the McStas library.

and C:\mcstas\lib on Windows systems, but it may be changed using the MCSTAS
environment variable.

In case users only require to add new features, preserving the existing features of a
component, using the EXTEND keyword in the instrument description file is recommended.
For larger modification of a component, it is advised to make a copy of the component
file into the working directory. A component file in the local directory will in McStas
take precedence over a library component of the same name.

1.6. Documentation

As a complement to this Component Manual, we encourage users to use the mcdoc
front-end which enables to display both the catalog of the McStas library, e.g using:

1 mcdoc I

as well as the documentation of specific components, e.g with:

1| mcdoc —text <name>
2| mcdoc <file .comp>

The first line will search for all components matching the name, and display their help
section as text. For instance, mcdoc .laz will list all available Lazy data files, whereas
mcdoc --text Monitor will list most Monitors. The second example will display the
help corresponding to the file.comp component, using your BROWSER setting, or as
text if unset. The --help option will display the command help, as usual.

An overview of the component library is also given at the McStas home page [Mcs]|

and in the User Manual |[Wil-+05].
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MCSTAS/data Ocoh Cinc Cabs T ¢ | Note
File name [barns] [barns] [barns] K]  [m/s]
Ag.laz 4.407 0.58 63.3 1234.9 2600
Al203_sapphire.laz | 15.683 0.0188 0.4625 2273

Al.laz 1.495 0.0082 0.231 933.5 5100 | .lau
Au.laz 7.32 043 98.65 | 13374 1740
B4C.laz 19.71 6.801 3068 2718

Ba.laz 3.23 0.15 29.0 1000 1620
Be.laz 7.63 0.0018 0.0076 1560 13000
BeO.laz 11.85 0.003 0.008 2650 Jau
Bi.laz 9.148 0.0084 0.0338 544.5 1790
C60.1au 5.551 0.001  0.0035

C_diamond.laz 5.551 0.001  0.0035 4400 18350 | .lau
C_graphite.laz 5.051 0.001  0.0035 3800 18350 | .lau
Cd.laz 3.04 3.46 2520 594.2 2310
Cr.laz 1.660 1.83 3.05 2180 5940
Cs.laz 3.69 0.21 29.0 301.6 1090 | cin liquid
Cu.laz 7.485 0.55 3.78 | 1357.8 3570
Fe.laz 11.22 0.4 2.56 1811 4910
Ga.laz 6.675 0.16 2.75 302.91 2740
Gd.laz 29.3 151 49700 1585 2680
Ge.laz 8.42 0.18 2.2 12114 5400
H20_ice_1h.laz 7.75 160.52  0.6652 273

Hg.laz 20.24 6.6 372.3 234.32 1407
12.]az 7.0 0.62 12.3 386.85

In.laz 2.08 0.54 193.8 429.75 1215
K.laz .69 0.27 2.1 | 336.53 2000

LiF .laz 4.46 0.921 70.51 1140

Lilaz 0.454 0.92 70.5 | 453.69 6000
Nb.laz 8.57 0.0024 1.15 2750 3480
Ni.laz 13.3 5.2 4.49 1728 4970
Pb.laz 11.115 0.003 0.171 600.61 1260
Pd.laz 4.39 0.093 6.9 | 1828.05 3070
Pt.laz 11.58 0.13 10.3 2041.4 2680
Rb.laz 6.32 0.5 0.38 312.46 1300
Se_alpha.laz 7.98 0.32 11.7 494 3350
Se_beta.laz 7.98 0.32 11.7 494 3350
Si.laz 2.163 0.004 0.171 1687 2200
SiO2_quartza.laz 10.625 0.0056 0.1714 846 Jau
SiO2_quartzb.laz 10.625 0.0056 0.1714 1140 Jau
Sn_alpha.laz 4.871 0.022 0.626 505.08

Sn_beta.laz 4.871 0.022 0.626 505.08 2500
Ti.laz 1.485 2.87 6.09 1941 4140
Tl.laz 9.678 0.21 3.43 577 818
V.laz 0184  4.935 5.08 2183 4560
Zn.laz 4.064  0.077 1.11 | 692.68 3700
Zr.laz 6.44 0.02 0.185 2128 3800

Table 1.2.: Powders of the McStas library [Ics; DL03|. Low ¢ and high 0,55 materials
are highlighted. Files are given in LAZY format, but may exist as well in
Crystallographica .lau format as well.

15



MCSTAS/data Ocoh Cinc Cabs T ¢ | Note

File name [barns| [barns]  [barns] K] [m/s]

Cs_lig_tot.sqw 3.69 0.21 29.0 301.6 1090 | Measured
Ge_lig_coh.sqw and Ge_lig_inc.sqw 8.42 0.18 2.2 | 1211.4 5400 | Ab-initio MD
He4 lig_coh.sqw 1.34 0 0.00747 0 240 | Measured
Ne_lig_tot.sqw 2.62 0.008 0.039 | 24.56 591 | Measured
Rb_lig_coh.sqw and Rb_liq_inc.sqw 6.32 0.5 0.38 | 312.46 1300 | Classical MD
Rb_lig_tot.sqw 6.32 0.5 0.38 | 312.46 1300 | Measured

Table 1.3.: Liquids of the McStas library [Ics; DLO3|. Low ¢ and high o,ps materials are
highlighted.

1.7. Component validation

Some components were checked for release 1.9: the Fermi choppers, the velocity selectors,
2 of the guide components and Source_gen. The results are sumarized in a talk available
online (http://www.ill.fr/tas/mcstas/doc/ValMcStas.pdf).

Velocity selector and Fermi chopper were treated as black boxes and the resulting
line shapes cross-checked against analytical functions for some cases. The component
"Selector’ showed no dependence on the distance between guide and selector axe. This is
corrected at the moment. Apart from that the component yielded correct results. That
was different with the Fermi chopper components. The component 'Chopper_Fermi’,
which has been part of the McStas distribution for a long time, gave wrong results and
was removed from the package. The new ’Vitess_ChopperFermi’ (transferred from the
VITESS package) showed mainly correct behaviour. Little bugs were corrected after the
first tests. At the moment, there is only the problem left that it underestimates the
influence of a shadowing cylinder. With the contributed 'FermiChopper’ component,
there were also minor problems, which are all corrected in the meantime.

For the guides, several trajectories through different kinds of guides (straight, con-
vergent, divergent) were calculated analytically and positions, directions and losses of
reflections compared to the values calculated in the components. This was done for
'Guide’ and 'Guide_gravity’; in the latter case calculations were performed with and
without gravity. Additionally a cross-check against the VITESS guide module was per-
formed. Waviness, chamfers and channels were not checked. After correction of a bug
in ’Guide_gravity’, both components worked perfectly (within the conditions tested).

"Source_gen’ was cross-checked against the VITESS source module for the case of 3
Maxwellians describing the moderator characteristic and typical sizes the guide and its
distance to the moderator. It showed the same line shape as a functions of wavelength
and divergence and the same absolute values.
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1.8. Disclaimer, bugs

We would like to emphasize that the usage of both the McStas software, as well as
its components are the responsability of the users. Indeed, obtaining accurate and
reliable results requires a substantial work when writing instrument descriptions. This
also means that users should read carefully both the documentation from the manuals
[Wil+-05] and from the component itself (using mcdoc comp) before reporting errors.
Most anomalous results often originate from a wrong usage of some part of the package.

Anyway, if you find that either the documentation is not clear, or the behavior of the
simulation is undoubtedly anomalous, you should report this to us at mcstas@risoe.dk
and refer to our special bug/request reporting service [Mcz|.
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2. Monte Carlo Techniques and simulation
strategy

This chapter explains the simulation strategy and the Monte Carlo techniques used
in McStas. We first explain the concept of the neutron weight factor, and discuss the
statistical errors in dealing with sums of neutron weights. Secondly, we give an expression
for how the weight factor transforms under a Monte Carlo choice and specialize this to the
concept of direction focusing. Finally, we present a way of generating random numbers
with arbitrary distributions. More details are available in the Appendix concerning
random numbers.

2.1. Neutron spectrometer simulations

2.1.1. Monte Carlo ray tracing simulations

The behaviour of a neutron scattering instrument can in principle be described by a
complex integral over all relevant parameters, like initial neutron energy and divergence,
scattering vector and position in the sample, etc. However, in most relevant cases, these
integrals are not solvable analytically, and we hence turn to Monte Carlo methods. The
neutron ray-tracing Monte Carlo method has been used widely for guide studies |[Cop93;
Far+02} Sch+04], instrument optimisation and design |[ZLa04} Lie05]. Most of the time,
the conclusions and general behaviour of such studies may be obtained using the classical
analytical approaches, but accurate estimates for the flux, resolution and generally the
optimum parameter set, benefit considerably from MC methods. Mathematically, the
Monte-Carlo method is an application of the law of large numbers [Jam&80; GRR92].
Let f(u) be a finite continuous integrable function of parameter u for which an integral
estimate is desirable. The discrete statistical mean value of f (computed as a series) in
the uniformly sampled interval a < u < b converges to the mathematical mean value of
f over the same interval.

b
lim 1. > f(ui):bia/ f(u)du (2.1)

In the case were the wu; values are regularly sampled, we come to the well known
midpoint integration rule. In the case were the w; values are randomly (but uniformly)
sampled, this is the Monte-Carlo integration technique. As random generators are not
perfect, we rather talk about quasi-Monte-Carlo technique. We encourage the reader to
consult James |Jam80| for a detailed review on the Monte-Carlo method.
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2.2. The neutron weight

A totally realistic semi-classical simulation will require that each neutron is at any time
either present or lost. In many instruments, only a very small fraction of the initial
neutrons will ever be detected, and simulations of this kind will therefore waste much
time in dealing with neutrons that never hit the relevant detector or monitor.

An important way of speeding up calculations is to introduce a neutron ”weight factor”
for each simulated neutron ray and to adjust this weight according to the path of the ray.
If e.g. the reflectivity of a certain optical component is 10%, and only reflected neutrons
ray are considered later in the simulations, the neutron weight will be multiplied by 0.10
when passing this component, but every neutron is allowed to reflect in the component.
In contrast, the totally realistic simulation of the component would require in average
ten incoming neutrons for each reflected one.

Let the initial neutron weight be py and let us denote the weight multiplication factor
in the j'th component by m;. The resulting weight factor for the neutron ray after
passage of the n components in the instrument becomes the product of all contributions

n
P:Pn:ponﬂj- (22)
j=1

Each adjustement factor should be 0 < 7; < 1, except in special circumstances, so that
total flux can only decrease through the simulation, see section For convenience,
the value of p is updated (within each component) during the simulation.

Simulation by weight adjustment is performed whenever possible. This includes

e Transmission through filters and windows.

e Transmission through Soller blade collimators and velocity selectors (in the ap-
proximation which does not take each blade into account).

e Reflection from monochromator (and analyser) crystals with finite reflectivity and
mosaicity.

e Reflection from guide walls.
e Passage of a continuous beam through a chopper.

e Scattering from all types of samples.

2.2.1. Statistical errors of non-integer counts

In a typical simulation, the result will consist of a count of neutrons histories ("rays”)
with different weights. The sum of these weights is an estimate of the mean number of
neutrons hitting the monitor (or detector) per second in a “real” experiment. One may
write the counting result as
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where N is the number of rays hitting the detector and the horizontal bar denotes
averaging. By performing the weight transformations, the (statistical) mean value of
I is unchanged. However, N will in general be enhanced, and this will improve the
accuracy of the simulation.

To give an estimate of the statistical error, we proceed as follows: Let us first for
simplicity assume that all the counted neutron weights are almost equal, p; ~ p, and
that we observe a large number of neutrons, N > 10. Then N almost follows a normal
distribution with the uncertainty o(N) = v/N [!| Hence, the statistical uncertainty of
the observed intensity becomes

o(I)=VNp=1I/VN, (2.4)

as is used in real neutron experiments (where p = 1). For a better approximation we
return to Eq. (2.3). Allowing variations in both N and p, we calculate the variance of
the resulting intensity, assuming that the two variables are statistically independent:

o*(I) = o*(N)p* + N?0*(p). (2.5)

Assuming as before that N follows a normal distribution, we reach o?(N)p? = Np°.
Further, assuming that the individual weights, p;, follow a Gaussian distribution (which
in some cases is far from the truth) we have N202(p) = 0%(>_, pi) = No*(p;) and reach

o*(I) = N (p* + o*(pi)) - (2.6)

The statistical variance of the p;’s is estimated by o*(p;) ~ (3, p? — Np?)/(N —1). The
resulting variance then reads

(1) = 1 <zp% —p2> . (2.7)

For almost any positive value of N, this is very well approximated by the simple expres-
sion

£m~2ﬁ. (2.8)

As a consistency check, we note that for all p; equal, this reduces to eq. (2.4))
In order to compute the intensities and uncertainties, the monitor/detector compo-
nents in McStas will keep track of N =, p?, I =", p}, and My = Y, p2.

2.3. Weight factor transformations during a Monte Carlo

choice

When a Monte Carlo choice must be performed, e.g. when the initial energy and direction
of the neutron ray is decided at the source, it is important to adjust the neutron weight

1This is not correct in a situation where the detector counts a large fraction of the neutron rays in the
simulation, but we will neglect that for now.
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so that the combined effect of neutron weight change and Monte Carlo probability of
making this particular choice equals the actual physical properties we like to model.

Let us follow up on the simple example of transmission. The probability of trans-
mitting the real neutron is P, but we make the Monte Carlo choice of transmitting the
neutron ray each time: fyc = 1. This must be reflected on the choice of weight mul-
tiplier m; = P. Of course, one could simulate without weight factor transformation, in
our notation written as fyic = P,m; = 1. To generalize, weight factor transformations
are given by the master equation

fuem; = P. (2.9)

This probability rule is general, and holds also if, e.g., it is decided to transmit only
half of the rays (fuc = 0.5). An important different example is elastic scattering from a
powder sample, where the Monte-Carlo choices are the particular powder line to scatter
from, the scattering position within the sample and the final neutron direction within the
Debye-Scherrer cone. This weight transformation is much more complex than described
above, but still boils down to obeying the master transformation rule

2.3.1. Direction focusing

An important application of weight transformation is direction focusing. Assume that
the sample scatters the neutron rays in many directions. In general, only neutron rays
in some of these directions will stand any chance of being detected. These directions
we call the interesting directions. The idea in focusing is to avoid wasting computation
time on neutrons scattered in the other directions. This trick is an instance of what in
Monte Carlo terminology is known as importance sampling.

If e.g. a sample scatters isotropically over the whole 47 solid angle, and all interesting
directions are known to be contained within a certain solid angle interval A2, only these
solid angles are used for the Monte Carlo choice of scattering direction. This implies
fmc(AQ) = 1. However, if the physical events are distributed uniformly over the unit
sphere, we would have P(AQ) = AQ/(4r), according to Eq. (2.9). One thus ensures
that the mean simulated intensity is unchanged during a ”correct” direction focusing,
while a too narrow focusing will result in a lower (i.e. wrong) intensity, since we cut
neutrons rays that should have reached the final detector.

2.4. Adaptive and Stratified sampling

Another strategy to improve sampling in simulations is adaptive importance sampling
(also called variance reduction technique), where McStas during the simulations will de-
termine the most interesting directions and gradually change the focusing according to
that. Implementation of this idea is found in the Source_adapt and Source_Optimizer
components.

An other class of efficiency improvement technique is the so-called stratified sampling.
It consists in partitioning the event distributions in representative sub-spaces, which are
then all sampled individualy. The advantage is that we are then sure that each sub-space
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Figure 2.1.: Illustration of the effect of direction focusing in McStas. Weights of neutrons
emitted into a certain solid angle are scaled down by the full unit sphere
area.

is well represented in the final integrals. This means that instead of shooting N events,
we define D partitions and shoot » = N/D events in each partition. In conjunction
with adaptive sampling, we may define partitions so that they represent ’interesting’
distributions, e.g. from events scattered on a monochromator or a sample. The sum of
partitions should equal the total space integrated by the Monte Carlo method, and each
partition must be sampled randomly.

In the case of McStas, an ad-hoc implementation of adaptive stratified is used when re-
peating events, such as in the Virtual sources (Virtual_input, Vitess_input, Virtual_ menp_input,
Virtual_tripoli4_input) and when using the SPLIT keyword in the TRACE section on
instrument descriptions. We emphasize here that the number of repetitions r should
not exceed the dimensionality of the Monte Carlo integration space (which is d = 10
for neutron events) and the dimensionality of the partition spaces, i.e. the number of
random generators following the stratified sampling location in the instrument.

2.5. Accuracy of Monte Carlo simulations

When running a Monte Carlo, the meaningfull quantities are obtained by integrating
random events into a single value (e.g. flux), or onto an histogram grid. The theory
[Jam80] shows that the accuracy of these estimates is a function of the space dimension
d and the number of events V. For large numbers IV, the central limit theorem provides
an estimate of the relative error as 1/ V/N. However, the exact expression depends on
the random distributions.
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Records | Accurarcy
103 10 %
104 2.5 %
10° 1%
106 0.25 %
107 0.05 %

Table 2.1.: Accuracy estimate as a function of the number of statistical events used to
estimate an integral with McStas.

McStas uses a space with d = 10 parameters to describe neutrons (position, velocity,
spin, time). We show in Table a rough estimate of the accurarcy on integrals as a
function of the number of records reaching the integration point. This stands both for
integrated flux, as well as for histogram bins - for which the number of events per bin
should be used for N.
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3. Source components

McStas contains a number of different source components, and any simulation will usu-
ally contain exactly one of these sources. The main function of a source is to determine
a set of initial parameters (r,v,t) for each neutron ray. This is done by Monte Carlo
choices from suitable distributions. For example, in most present sources the initial posi-
tion is found from a uniform distribution over the source surface, which can be chosen to
be either circular or rectangular. The initial neutron velocity is selected within an inter-
val of either the corresponding energy or the corresponding wavelength. Polarization is
not relevant for sources, and we initialize the neutron average spin to zero: s = (0,0,0).
For time-of-flight sources, the choice of the emission time, ¢, is being made on basis of
detailed analytical expressions. For other sources, t is set to zero. In the case one would
like to use a steady state source with time-of-flight settings, the emission time of each
neutron ray should be determined using a Monte Carlo choice. This may be achieved
by the EXTEND keyword in the instrument description source as in the example below:

TRACE

COMPONENT MySource=Source_gen (...) AT (...)
EXTEND
7{

t = le—3srandpml(); /* set time to +/~ 1 ms x/
70}

3.0.1. Neutron flux

The flux of the sources deserves special attention. The total neutron intensity is defined
as the sum of weights of all emitted neutron rays during one simulation (the unit of total
neutron weight is thus neutrons per second). The flux, ¢, at an instrument is defined as
intensity per area perpendicular to the beam direction.

The source flux, ®, is defined in different units: the number of neutrons emitted per
second from a 1 cm? area on the source surface, with direction within a 1 ster. solid
angle, and with wavelength within a 1 A interval. The total intensity of real neutrons
emitted towards a given diaphragm (units: n/sec) is therefore (for constant ®):

Itotal — @AAQA)\, (31)
where A is the source area, A} is the solid angle of the diaphragm as seen from the

source surface, and A\ is the width of the wavelength interval in which neutrons are
emitted (assuming a uniform wavelength spectrum).
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Figure 3.1.: A circular source component (at z=0) emitting neutron events randomly,
either from a model, or from a data file.

The simulations are performed so that detector intensities are independent of the
number of neutron histories simulated (although more neutron histories will give better
statistics). If Ny, denotes the number of neutron histories to simulate, the initial
neutron weight pg must be set to

_ Ntotal _ (I)()\)
0 Nsim Nsim

AQAN, (3.2)

where the source flux is now given a A-dependence.

As a start, we recommend new McStas users to use the Source_simple component.
Slightly more realistic sources are Source_Maxwell_3 for continuous sources or Mod-
erator for time-of-flight sources.

Optimizers can dramatically improve the statistics, but may occasionally give wrong
results, due to misleaded optimization. You should always check such simulations with
(shorter) non-optimized ones.

Other ways to speed-up simulations are to read events from a file. See section [3.11] for
details.
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3.1. Source_simple: A simple continuous source with a flat
energy/wavelength spectrum

Input Parameters for component Source_simple from sources

<Parameter = value>, [Unit], Description

<radius=0.1>: [m] Radius of circle in (x,y,0) plane where neutrons

are generated.

<yheight=0>: [m] Height of rectangle in (x,y,0) plane where neutrons

are generated.

<xwidth=0>: [m] Width of rectangle in (x,y,0) plane where neutrons

are generated.

<dist=0>: [m] Distance to target along z axis.

<focus_xw=.045>: [m] Width of target

<focus_yh=.12>: [m] Height of target

<E0=0>: [meV] Mean energy of neutrons.

<dE=0>: [meV] Energy half spread of neutrons (flat or gaussian sigma).

<lambda0=0>: [AA] Mean wavelength of neutrons.

<dlambda=0>: [AA] Wavelength half spread of neutrons.

<flux=1>: [1/(s*cm**2xst*xenergy unit)] flux per energy unit, Angs or meV

if flux=0, the source emits 1 in 4%xPI whole space.

<gauss=0>: [1] Gaussian (1) or Flat (0) energy/wavelength distribution

<target_-index=+1>: [1] relative index of component to focus at, e.g. next
is +1

this is used to compute ’'dist’ automatically.

This component is a simple source with an energy distribution which is uniform in
the range Fy + dE (alternatively: a wavelength distribution in the range Ao = d\). This
component is not used for detailed time-of-flight simulations, so we put ¢ = 0 for all
neutron rays.

The initial neutron ray position is chosen randomly from within a circle of radius rg
in the z = 0 plane. This geometry is a fair approximation of a cylindrical cold/thermal
source with the beam going out along the cylinder axis.

The initial neutron ray direction is focused onto a rectangular target of width w,
height h, parallel to the zy plane placed at (0,0, zfoc)-

The initial weight of the created neutron ray, pg, is set to the energy-integrated flux,
U, times the source area, 772 times a solid-angle factor, which is basically the solid angle
of the focusing rectangle. See also the section on source flux.

This component replaces the obsolete components Source_flux_lambda, Source_flat,
Source_flat_lambda, and Source_flux.

3.2. Source_div: A continuous source with specified divergence

Input Parameters for component Source_div from sources

<Parameter = value>, [Unit], Description
<xwidth>: [m] Width of source
<yheight >: [m] Height of source
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<focus_aw >: [deg] FWHM (Gaussian) or maximal (uniform) horz. width
divergence

<focus_ah >: [deg] FWHM (Gaussian) or maximal (uniform) vert. height
divergence

<E0=0.0>: [meV] Mean energy of neutrons.

<dE=0.0>: [meV] Energy spread of neutrons.

<lambda0=0.0>: [Ang] Mean wavelength of neutrons (only relevant for E0=0)

<dlambda=0.0>: [Ang] Wavelength half spread of neutrons.

<gauss=0>: [0]1] Criterion: 0: uniform, 1: Gaussian distributions

<flux=1>: [1/(s*cm**2xst*xenergy unit)] flux per energy unit, Angs or meV

Source_div is a rectangular source, w x h, which emits a beam of a specified divergence
around the direction of the z axis. The beam intensity is uniform over the whole of the
source, and the energy (or wavelength) distribution of the beam is uniform over the
specified energy range Fy+ AFE (in meV), or alternatively the wavelength range Ao £ 0
(in A).

The source divergences are d;, and §, (FWHM in degrees). If the gauss flag is set to
0 (default), the divergence distribution is uniform, otherwise it is Gaussian.

This component may be used as a simple model of the beam profile at the end of a
guide or at the sample position.

3.3. Source_Maxwell _3: A continuous source with a
Maxwellian spectrum

Input Parameters for component Source_Maxwell_3 from sources

<Parameter = value>, [Unit], Description

<size=0>: [m] Edge of cube shaped source (for backward compatibility)

<yheight=0>: [m] Height of rectangular source

<xwidth=0>: [m] Width of rectangular source

<Lmin>: [AA] Lower edge of lambda distribution

<Lmax>: [AA] Upper edge of lambda distribution

<dist >: [m] Distance from source to focusing rectangle; at (0,0,dist)

<focus_xw>: [m] Width of focusing rectangle

<focus_yh >: [m] Height of focusing rectangle

<T1>: [K] 1st temperature of thermal distribution

<T2=300>: [K] 2nd temperature of thermal distribution

<T3=300>: [K] 3nd temperature of — — —

<Il1>: [in flux units, see above] [1/(cmx*2xst*AA)] flux, 1

<I2=0>: [in flux units, see above] [1/(cm#**2xst*AA)] flux, 2

<I3=0>: [1/(cm**2xst*AA)] flux, 3 — — —

<target_index=+1>: [1] relative index of component to focus at, e.g. next
is +1

this is used to compute ’'dist’ automatically.

<lambda0=0>: [AA] Mean wavelength of neutrons.

<dlambda=0>: [AA] Wavelength spread of neutrons.

This component is a source with a Maxwellian energy /wavelength distribution sampled
in the range Aoy to Apjgn. The initial neutron ray position is chosen randomly from
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within a rectangle of area h x w in the z = 0 plane. The initial neutron ray direction
is focused within a solid angle, defined by a rectangular target of width zw, height yh,
parallel to the zy plane placed at (0,0, dg). The energy distribution used is a sum of
1, 2, or 3 Maxwellians with temperatures 17 to T35 and integrated intensities I7 to I3.

For one single Maxwellian, the intensity in a small wavelength interval [\, A + dA] is
IiM (X, Ty)dX where M (X, T1) = 2a? exp(—a/A?) /A% is the normalized Maxwell distribu-
tion (o = 949.0 K A?/T 1). The initial weight of the created neutron ray, py, is calculated
according to Eq. , with W(\) replaced by Z?:l IiM(\T;).

The component Source_gen (see section works on the same principle, but pro-
vides more options concerning wavelength/energy range specifications, shape, etc.

Maxwellian parameters for some continuous sources are given in Table As nobody
knows exactly the characteristics of the sources (it is not easy to measure spectrum
there), these figures should be used with caution.

3.4. Source gen: A general continuous source

Input Parameters for component Source_gen from sources

<Parameter = value>, [Unit], Description

2|<flux_file=0>: [str] Name of a two columns [lambda flux] text file that

contains

the wavelength distribution of the flux in <b>either </b> [1/(s*cm**2xst)] <
b>or</b> [1/(s*cmx*2xst*AA)] (see flux_file_.perAA flag)

compatible with McStas/PGPLOT wavelength monitor files.

When specified , temperature and intensity values are ignored.

<xdiv_file=0>: [str] Name of the x—horiz. divergence distribution file,
given as a

free format text matrix, preceeded with a line

<ydiv_file=0>: [str] Name of the y—vert. divergence distribution file
given as a

free format text matrix, preceeded with a line

<radius=0.0>: [m] Radius of circle in (x,y,0) plane where neutrons

are generated. You may also use ’yheight’ and ’xwidth’ for a square source

<dist=0>: [m] Distance to target along z axis.

<focus_xw=0.045>: [m] Width of target.

<focus_yh=0.12>: [m] Height of target.

<focus_aw=0>: [deg] maximal (uniform) horz. width divergence

<focus_ah=0>: [deg] maximal (uniform) vert. height divergence

<E0=0>: [meV] Mean energy of neutrons.

<dE=0>: [meV]| Energy spread of neutrons, half width.

<lambda0=0>: [AA] Mean wavelength of neutrons.

<dlambda=0>: [AA] Wavelength spread of neutrons, half width

<I1=1>: [1/(cm**2xsr*AA)] Source flux per solid angle, area and Angstrom

if 11=0, the source emits 1 in 4%*PI whole space.

<yheight=0.1>: [m] Source y—height, then does not use radius parameter

<xwidth=0.1>: [m] Source x—width, then does not use radius parameter

<verbose=0>: [0/1] display info about the source. —1 unactivate source.

<T1=0>: [K] Temperature of the Maxwellian source, O=none
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Source Name T I T I T3 I3 factor

PSI cold source | 150.4 3.67ell  38.74 3.64ell 14.84 0.95ell | * Liarger (mA)
ILL VCS (H1) 216.8 1.24el3 339 1.02¢13 16.7 3.042¢el2
ILL HCS (H5) 413.5 10.22e12 145.8 3.44el3 40.1 2.78¢el13
ILL Thermal(H2) | 683.7 5.874el2 257.7 2.51el3 16.7 1.034el2 /2.25
ILL Hot source 1695  1.74el3 708 3.9el2

Table 3.1.: Flux parameters for present sources used in components Source_gen and
Source_Maxwell_3. For some cases, a correction factor to the intensity should
be used to reach measured data; for the PSI cold source, this correction factor
is the beam current, Iiarget, which is currently of the order 1.2 mA.

<flux_file_perAA=0>: [1] When true (1), indicates that flux file data is
already per

Angstroem. If false, file data is per wavelength bin.

<flux_file_-log=0>: [1] When true, will transform the flux table in log
scale to

improve the sampling.

<Lmin=0>: [AA] Minimum wavelength of neutrons

<Lmax=0>: [AA] Maximum wavelength of neutrons

<Emin=0>: [meV] Minimum energy of neutrons

<Emax=0>: [meV] Maximum energy of neutrons

<T2=0>: [K] Second Maxwellian source Temperature, O=none
<I2=0>: [1/(cm**2%sr*AA)] Second Maxwellian Source flux
<T3=0>: [K] Third Maxwellian source Temperature, O=none

<I3=0>: [1/(cm**2%sr*AA)] Third Maxwellian Source flux

<zdepth=0>: [m] Source z—zdepth, not anymore flat

<target_index=+1>: [1] relative index of component to focus at, e.g. next
is +1

this is used to compute ’'dist’ automatically.

This component is a continuous neutron source (rectangular or circular), which aims
at a rectangular target centered at the beam. The angular divergence is given by the
dimensions of the target. The shape may be rectangular (dimension h and w), or a disk
of radius r. The wavelength/energy range to emit is specified either using center and
half width, or using minimum and maximum boundaries, alternatively for energy and
wavelength. The flux spectrum is specified with the same Maxwellian parameters as in
component Source_Maxwell_3 (refer to section .

Maxwellian parameters for some continuous sources are given in Table As nobody
knows exactly the characteristics of the sources (it is not easy to measure spectrum
there), these figures should be used with caution.
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3.5. Moderator: A time-of-flight source (pulsed)

Name: Moderator

Author: (System) Mark Hagen, SNS
Input parameters rs, Eo, Ev, 25, w, h, 19, E,
Optional parameters

Notes

Input Parameters for component Moderator from sources

<Parameter = value>, [Unit], Description

<isleft=0.9>: [1] Fraction of thermal neutrons generated at the ”left”
moderator slab.

<Lmin>: [AA] Lower edge of wavelength distribution

<Lmax>: [AA] Upper edge of wavelength distribution

<cold_frac=1.0>: [1] Fraction of neutron statistics from cold source. It is
implicitely assumed

that supermirror allows each beamline to choose the desired fraction

of cold and thermal neutrons (i.e. extreme idealization).

<dist=0>: [m] Distance from source to focusing rectangle; at (0,0,dist)

<focus_xw>: [m] Width of focusing rectangle

<focus_yh >: [m] Height of focusing rectangle

<target_index=0>: [1] relative index of component to focus at, e.g. next is
+1

this is used to compute ’'dist’ automatically.

<tmax_multiplier=3>: [1] Defined maximum emission time at moderator, tmax=
tmax_multiplier x ESS_PULSE_DURATION. Only in combination with
sourcedef="2013" or 720147

<yheight_c¢=0.12>: [m] Height of the cylindershaped cold source

<yheight_t=0.12>: [m] Height of the rectangular thermal source

<n_pulses=1>: [1] Number of pulses simulated. 0 and 1 creates one pulse.

The integrated intensity is constant

<acc_power=5>: [MW] Accelerator power in MW

<beamport_angle=—1>: [deg] Direction within the beamport sector (0 < angle
< extraction_width) to direct neutrons. If set to —1, is recalculated
to extraction_width /2.

<sourcedef="2014”>: [string] ESS source ”database”, values: "TDR’, ”72001”,
720137, 72014”

<xwidth_c=0.23>: [m] Arc—length opening of cylindershaped cold source.

<xwidth_t=0.12>: [m] Edge of cube shaped thermal source

<extraction_opening=120>: [deg] Width of extraction—area in degrees (60 or
120 degrees). 120 deg only in combination with sourcedef="2014"

The simple time-of-flight source component Moderator resembles the source compo-
nent Source_simple described in[3.1] Moderator is circular with radius r, and focuses
on a rectangular target of area w x h in a distance zy. The initial velocity is chosen with
a linear distribution within an interval, defined by the minimum and maximum energies,
FEy and Ej, respectively.

The initial time of the neutron is determined on basis of a simple heuristical model
for the time dependence of the neutron intensity from a time-of-flight source. For all
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neutron energies, the flux decay is assumed to be exponential,
(B, 1) = exp(~t/7(E)), (3.3)
where the decay constant is given by

T B < E.
“m:{nmruEiaPMﬂ;Eza

The decay parameters are 7y (in ps), E., and v (both in meV).
Other pulsed source models are available from contributed components. See section

B.11

3.6. ISIS_moderator: ISIS pulsed moderators

Input Parameters for component ISIS_moderator from sources

1|<Parameter = value>, [Unit], Description I

3.6.1. Introduction

The following document describes the functions obtained for models of TS2 as described
in Table 3.2t

target 3.4cm diameter tantalum clad tungsten
reflector Be + D20 (80:20) at 300K

Composite Moderator | Hy + CHy

Coupled Groove: 3x8.3 cm 26K solid-CHy

Hydrogen: 12x11cm 22K liquid Ho
Poisoned Moderator solid-CH4 26K

Decoupled Narrow: Gd poison at 2.4 cm - 8 vanes
Broad: 3.3 cm — not fully decoupled
PreModerators 0.85 cm and 0.75 cm HyO

Table 3.2.: Description of Models

TS1 model is from the tungsten target as currently installed and positioned. The
model also includes the MERLIN moderator, this makes no significant difference to the
other moderator faces.

3.6.2. Using the McStas Module

You MUST first set the environment variable ‘MCTABLES’ to be the full path of the
directory containing the table files:
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1|BASH: export MCTABLES=/usr/local/lib/mcstas/contrib/ISIS_tables/
2|TCSH: setenv MCTABLES /usr/local/lib/mcstas/contrib/ISIS_tables/

In Windows this can be done using the ‘My Computer’ properties and selecting the
‘Advanced’ tab and the Environment variables button. This can of course be overridden
by placing the appropriate moderator (h.face) files in the working directory.

The module requires a set of variables listed in Table and described below.

The Face variable determines the moderator surface that will be viewed. There are
two types of Face variable: i) Views from the centre of each moderator face defined
by the name of the moderator, for TS1: Water, H2, CH4, Merlin and TS2: Hydrogen,
Groove, Narrow, Broad. ii) Views seen by each beamline, for TS1: Prisma, Maps, crisp
etc. and for TS2: E1-E9 (East) and W1-W9 (West).

The McStas distribution includes some example moderator files for TS1 (water,h2,ch4)
and TS2 (broad, narrow, hydrogen, groove), but others are available at
http://www.isis.rl.ac.uk/Computing/Software/MC/, including instrument specific
models.

Variables F0 and F1 define an energy window for sampled neutrons. This can be used
to increase the statistical accuracy of chopper and mirrored instruments. However, F0
and E1 cannot be equal (although they can be close). By default these arguments select
energy in meV, if negative values are given, selection will be in terms of Angstroms.

Variables dist, zw and yh are the three component which will determine the directional
acceptance window. They define a rectangle with centre at (0,0,dist) from the moderator
position and with width xw meters and height yh meters. The initial direction of all the
neutrons are chosen (randomly) to originate from a point on the moderator surface and
along a vector, such that without obstruction (and gravitational effects), they would pass
through the rectangle. This should be used as a directional guide. All the neutrons start
from the surface of the moderator and will be diverted/absorbed if they encountered
other components. The guide system can be turned off by setting dist to zero.

The CAngle variable is used to rotate the viewed direction of the moderator and
reduces the effective solid angle of the moderator face. Currently it is only for the
horizontal plane. This is redundant since there are beamline specific h.face files.

The two variables modYsize and modXsize allow the moderators to be effectively
reduced /increased. If these variables are given negative or zero values then they default
to the actual visible surface size of the moderators.

The last variable SAC will correct for the different solid angle seen by two focussing
windows which are at different distances from the moderator surface. The normal mea-
surement of flux is in neutrons/second/A /cm?/str, but in a detector it is measured in
neutrons/second. Therefore if all other denominators in the flux are multiplied out then
the flux at a point-sized focus window should follow an inverse square law. This solid
angle correction is made if the SAC variable is set equal to 1, it will not be calculated
if SAC'is set to zero. It is advisable to select this variable at all times as it will give the
most realistic results
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Variable Type | Options Units | Description
Face char* | i) Hydrogen Groove Nar- | — String which designates the
(TS2) row Broad, ii) name of the face
E1-E9 W1-W9
Face char* | i) H2 CH4 Merlin Wa- | - String which designates the
(TS1) ter, ii) Maps Crisp Gem name of the face
EVS HET HRPD Iris
Mari Polaris Prisma San-
dals Surf SXD Tosca
EO float 0<EO<E1l meV | Only neutrons above this en-
(A) ergy are sampled
E1l float EO<El<1el0 meV | Only neutrons below this en-
(A) ergy are sampled
dist float 0 < dist < o0 m Distance of focus window from
face of moderator
XW float 0<zw < o0 m x width of the focus window
vh float 0<yh<oo m y height of the focus window
CAngle float | -360 < C'Angle < 360 ° Horizontal angle from the nor-
mal to the moderator surface
modXsize | float 0 < modXsize < 0o m Horizontal size of the modera-
tor (defaults to actual size)
modYsize | float 0 < modY size < o0 m Vertical size of the moderator
(defaults to actual size)
SAC int 0,1 n/a | Solid Angle Correction

Table 3.3.: Brief Description of Variables

3.6.3. Comparing TS1 and TS2

The Flux data provided in both sets of h.face files is for 60 yAmp sources. To compare
TS1 and TS2, the TS1 data must be multiplied by three (current average strength of
TS1 source 180 pAmps). When the 300 pAmp upgrade happens this factor should be
revised accordingly.

3.6.4. Bugs

Sometimes if a particularly long wavelength ( > 20 A) is requested there may be problems
with sampling the data. In general the data used for long wavelengths should only be
taken as a guide and not used for accurate simulations. At 9 Athere is a kink in the
distribution which is also to do with the MCNPX model changing. If this energy is
sampled over then the results should be considered carefully.
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3.7. Source_adapt: A neutron source with adaptive importance
sampling

Input Parameters for component Source_adapt from sources

<Parameter = value>, [Unit], Description

<N_E=20>: [1] Number of bins in energy (or wavelength) dimension
<N_xpos=20>: [1] Number of bins in horizontal position
<N_xdiv=20>: [1] Number of bins in horizontal divergence

<xmin=0>: [m] Left edge of rectangular source
<xmax=0>: [m] Right edge
<ymin=0>: [m] Lower edge
<ymax=0>: [m] Upper edge

<xwidth=0>:

<yheight=0>:

<filename=0>: [string] Optional filename for adaptive distribution output

<dist=0>: [m] Distance to target rectangle along z axis

<focus_xw=0.05>: [m] Width of target

<focus_yh=0.1>: [m] Height of target

<E0=0>: [meV] Mean energy of neutrons

<dE=0>: [meV] Energy spread (energy range is from E0—dE to E0HdE)

<lambda0=0>: [AA] Mean wavelength of neutrons (if energy not specified)

<dlambda=0>: [AA] Wavelength spread half width

<flux=1lel3>: [1/(cm=**2%AAxxst)] Absolute source flux

<target_index=+1>: [1] relative index of component to focus at, e.g. next
is +1

this is used to compute ’dist’ automatically.

<alpha=0.25>: [1] Learning cut—off factor (0 < alpha <= 1)

<beta=0.25>: [1] Aggressiveness of adaptive algorithm (0 < beta <= 1)

Source_adapt is a neutron source that uses adaptive importance sampling to im-
prove the efficiency of the simulations. It works by changing on-the-fly the probability
distributions from which the initial neutron state is sampled so that samples in regions
that contribute much to the accuracy of the overall result are preferred over samples
that contribute little. The method can achieve improvements of a factor of ten or some-
times several hundred in simulations where only a small part of the initial phase space
contains useful neutrons. This component uses the correlation between neutron energy,
initial direction and initial position.

The physical characteristics of the source are similar to those of Source_simple (see
section . The source is a thin rectangle in the x-y plane with a flat energy spectrum
in a user-specified range. The flux, ®, per area per steradian per Angstrom per second
is specified by the user.

The initial neutron weight is given by Eq. using A\ as the total wavelength range
of the source. A later version of this component will probably include a A-dependence
of the flux.

We use the input parameters dist, xw, and yh to set the focusing as for Source_simple
(section . The energy range will be from Eg—dF to Eg+dFE. filename is used to give
the name of a file in which to output the final sampling destribution, see below. Neyg,
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Npos, and Ngj, are used to set the number of bins in each dimensions. Good general-
purpose values for the optimization parameters are « = = 0.25. The number of bins
to choose will depend on the application. More bins will allow better adaption of the
sampling, but will require more neutron histories to be simulated before a good adaption
is obtained. The output of the sampling distribution is only meant for debugging, and
the units on the axis are not necessarily meaningful. Setting the filename to NULL disables
the output of the sampling distribution.

3.7.1. Optimization disclaimer

A warning is in place here regarding potentially wrong results using optimization tech-
niques. It is highly recommended in any case to benchmark ’optimized’ simulations
against non-optimized ones, checking that obtained results are the same, but hopefully
with a much improved statistics.

3.7.2. The adaption algorithm

The adaptive importance sampling works by subdividing the initial neutron phase space
into a number of equal-sized bins. The division is done on the three dimensions of energy,
horizontal position, and horizontal divergence, using Neng, Npos, and Ng;, number of bins
in each dimension, respectively. The total number of bins is therefore

Nbin = NenngosNdiv (35)

Each bin ¢ is assigned a sampling weight w;; the probability of emitting a neutron within
bin ¢ is w
P(i)= =y — (3.6)
> =1 W)
In order to avoid false learning, the sampling weight of a bin is kept larger than wpyn,
defined as

— > w;, 0<p<1 (3.7)

This way a (small) fraction 3 of the neutrons are sampled uniformly from all bins, while
the fraction (1 — ) are sampled in an adaptive way.
Compared to a uniform sampling of the phase space (where the probability of each
bin is 1/Npi,), the neutron weight must be adjusted as given by (?7)
Pt 1/Npim Z;V:bifl wj
fven  P(3) Npinw;

, (3.8)

1

where Pj is understood by the "natural” uniform sampling.

In order to set the criteria for adaption, the Adapt_check component is used (see sec-
tion . The source attemps to sample only from bins from which neutrons are not ab-
sorbed prior to the position in the instrument at which Adapt_check is placed. Among
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those bins, the algorithm attemps to minimize the variance of the neutron weights at the
Adapt_check position. Thus bins that would give high weights at the Adapt_check
position are sampled more often (lowering the weights), while those with low weights
are sampled less often.

Let ™ = pac/po denote the ratio between the neutron weight p; at the Adapt_check
position and the initial weight pg just after the source. For each bin, the component
keeps track of the sum X of 7’s as well as of the total number of neutrons n; from that
bin. The average weight at the Adapt_source position of bin i is thus ¥;/n;.

We now distribute a total sampling weight of § uniformly among all the bins, and a
total weight of (1 — ) among bins in proportion to their average weight ¥;/n; at the
Adapt_source position:

SR —— T

~ Noin 2= B/

w; (3.9)
After each neutron event originating from bin ¢, the sampling weight w; is updated.

This basic idea can be improved with a small modification. The problem is that until
the source has had the time to learn the right sampling weights, neutrons may be emitted
with high neutron weights (but low probability). These low probability neutrons may
account for a large fraction of the total intensity in detectors, causing large variances
in the result. To avoid this, the component emits early neutrons with a lower weight,
and later neutrons with a higher weight to compensate. This way the neutrons that are
emitted with the best adaption contribute the most to the result.

The factor with which the neutron weights are adjusted is given by a logistic curve

N Yo
FO) = Cyo + (1 —yo)e oI (3.10)

where j is the index of the particular neutron history, 1 < j < Nyit. The constants g,
ro, and C are given by

2
= 3.11
Yo Noo (3.11)
11 1—%)
rg = — log < 3.12
’ @ Npist Yo (3.12)
1—
C = 1+log <y0 + yoe’"ONhist> (3.13)
Nhist

The number « is given by the user and specifies (as a fraction between zero and one)
the point at which the adaption is considered good. The initial fraction « of neutron
histories are emitted with low weight; the rest are emitted with high weight:

Nbin
‘ ¢ >t w;
po(j) = — AQA =" =
(J) Nsim Nbinwi
The choice of the constants yg, r9, and C' ensure that

Nhist
/t F(j)=1 (3.15)

=0

F(5) (3.14)
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so that the total intensity over the whole simulation will be correct
Similarly, the adjustment of sampling weights is modified so that the actual formula

used is
_ B Yo Yi/ni
Nbin yo+ (1 —yo)e o 3o Mbe g/

wi(j) +(1-5) (3.16)

3.7.3. The implementation

The heart of the algorithm is a discrete distribution p. The distribution has N bins,
1...N. Each bin has a value v;; the probability of bin 7 is then vl/(zyzl vj).

Two basic operations are possible on the distribution. An update adds a number a to
a bin, setting vV = vfld + a. A search finds, for given input b, the minimum 4 such
that

b< ) v (3.17)
j=1

The search operation is used to sample from the distribution p. If r is a uniformly
distributed random number on the interval [0; Zjvzl vj] then i = search(r) is a random
number distributed according to p. This is seen from the inequality

i—1

(2
Zvj <7’§Zvj, (3.18)
Jj=1 Jj=1

from which r € [Z;;ll Vv + 23;11 vj] which is an interval of length v;. Hence the
probability of i is v;/ (Zjvzl vj). The update operation is used to adapt the distribution
to the problem at hand during a simulation. Both the update and the add operation
can be performed very efficiently.

As an alternative, you may use the Source_Optimizer component (see section .

3.8. Adapt_check: The adaptive importance sampling monitor

Input Parameters for component Adapt_check from sources

1|<Parameter = value>, [Unit], Description

1

The component Adapt_check is used together with the Source_adapt component -
see section for details. When placed somewhere in an instrument using Source_adapt
as a source, the source will optimize for neutrons that reach that point without being
absorbed (regardless of neutron position, divergence, wavelength, etc).

The Adapt_check component takes as single input parameter source_comp the name
of the Source_adapt component instance, for example:

2 |COMPONENT mysource = Source_adapt (...)

3

37



4|COMPONENT mycheck = Adapt_check (source_.comp = mysource)
5 ... I

Only one instance of Adapt_check is allowed in an instrument.
We suggest, as alternative method, to make use of the SPLIT keyword, as described
in the McStas User Manual.
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3.9. Source_Optimizer: A general Optimizer for McStas

Input Parameters for component Source_Optimizer from sources

<Parameter = value>, [Unit], Description

<bins=10>: [1] Number of cells for sampling neutron states.

<step=0.1>: [0—100] Optimizer step in percent of simulation.

<keep=0.1>: [0—-100] Percentage of initial source distribution that is kept.
<options=0>: [str] string of options. See <b>Description<b>

The component Source_Optimizer is not exactly a source, but rather a neutron
beam modifier. It should be positioned after the source, anywhere in the instrument
description. The component optimizes the whole neutron flux in order to achieve better
statistics at each Monitor_Optimizer location(s) (see section for this latter com-
ponent). It acts on any incoming neutron beam (from any source type), and more than
one optimization criteria location can be placed along the instrument.

The usage of the optimizer is very simple, and usually does not require any configura-
tion parameter. Anyway the user can still customize the optimization through various
options.

In contrast to Source_adapt, this optimizer does not record correlations between
neutron parameters. Nevertheless it is rather efficient, enabling the user to increase the
number of events at optimization criteria locations by typically a factor of 20. Hence, the
signal error bars will decrease by a factor 4.5, since the overall flux remains unchanged.

3.9.1. The optimization algorithm

When a neutron reaches the Monitor_Optimizer location(s), the component records its
previous position (z, y) and speed (v, vy, v.) when it passed in the Source_Optimizer.
Some distribution tables of good neutrons characteristics are then built.

When a bad neutron comes to the Source_Optimizer (it would then have few chances
to reach Monitor_Optimizer), it is changed into a better one. That means that its
position and velocity coordinates are translated to better values according to the good

neutrons distribution tables. The neutron energy (,/vZ + 1)3 +v2) is kept (as far as

possible).
The Source_Optimizer works as follow:

1. First of all, the Source_Optimizer determines some limits (min and maz) for
variables x,y, vz, vy, V.

2. Then the component records the non-optimized flux distributions in arrays with
bins cells (default is 10 cells). This constitutes the Reference source.

3. The Monitor_Optimizer records the good neutrons (that reach it) and communi-
cate an Optimized beam requirement to the Source_Optimizer. However, retains
"keep’ percent of the original Reference source is sent unmodified (default is 10 %).
The Optimized source is thus:
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Optimized = keep * Reference

+ (1 - keep) [Neutrons that will reach monitor].

4. The Source_Optimizer transforms the bad neutrons into good ones from the
Optimized source. The resulting optimised flux is normalised to the non-optimized

one:

Reference (3.19)

Poptimized = Pinitial m )

and thus the overall flux at Monitor_Optimizer location is the same as without
the optimizer. Usually, the process sends more good neutrons from the Optimized
source than that in the Reference one. The energy (and velocity) spectra of neutron
beam is also kept, as far as possible. For instance, an optimization of v, will induce
a modification of v, or v, to try to keep |v| constant.

5. When the continuous optimization option is activated (by default), the process
loops to Step (3)) every ’step’ percent of the simulation. This parameter is computed
automatically (usually around 10 %) in auto mode, but can also be set by user.

During steps (1) and (2), some non-optimized neutrons with original weight pinitial
may lead to spikes on detector signals. This is greatly improved by lowering the weight
p during these steps, with the smooth option. The component optimizes the neutron pa-
rameters on the basis of independant variables (1D phase-space optimization). However,
it usually does work fine when these variables are correlated (which is often the case in
the course of the instrument simulation). The memory requirements of the component
are very low, as no big n-dimensional array is needed.

3.9.2. Using the Source_Optimizer

To use this component, just install the Source_Optimizer after a source (but any
location is possible afterwards in principle), and use the Monitor_ Optimizer at a
location where you want to reach better statistics.

/+* where to act on neutron beam x/

COMPONENT' optim_s = Source_Optimizer (options="")
/* where to have better statistics */
COMPONENT optim-m = Monitor_-Optimizer (

xmin = —0.05, xmax = 0.05,

ymin = —0.05, ymax = 0.05,

optim_comp = optim_s)

/% using more than one Monitor_Optimizer is possible x/

The input parameter for Source_Optimizer is a single options string that can contain
some specific optimizer configuration settings in clear language. The formatting of the
options parameter is free, as long as it contains some specific keywords, that can be
sometimes followed by values.

The default configuration (equivalent to options = "") is
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options = 7 continuous optimization, auto setting, keep = 0.1, bins = 0.1,
smooth spikes, SetXY+SetDivV+SetDivS”.

Parameters keep and step should be between 0 and 1. Additionally, you may restrict
the optimization to only some of the neutron parameters, using the SetXY, SetV, SetS,
SetDivV, SetDivS keywords. The keyword modifiers no or not revert the next option.
Other options not shown here are:

verbose displays optimization process (debug purpose).
unactivate to unactivate the Optimizer.
file =[name] Filename where to save optimized source distributions

The file option will save the source distributions at the end of the optimization. If no
name is given the component name will be used, and a ’.src’ extension will be added.
By default, no file is generated.